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ABSTRACT

This thesis investigates a series of organometallic reactions to produce colloidal nanoparticles
(Cu and Cu,0) and layered metal hydroxides (Zn or Cu). The general synthesis involves reacting an
organometallic precursor, with a ligand (e.g. a carboxylic acid) and either exposure to hydrogen gas,
water or air. The synthesis occurs in organic solvents at temperatures from room temperature to 110 °C.

These reactions produce nanomaterials which are soluble in various organic solvents.

Chapter 1: The first chapter introduces the research topics of this thesis by outlining the relevant
literature. The characteristics and properties of nanomaterials are described, alongside their roles in

various catalyses, with a focus on carbon dioxide utilisation.

Chapter 2: This chapter describes the synthesis and characterisation of colloidal Cu and Cu,0
nanoparticles, capped with oxygen-containing anionic, bidentate carboxylate ligands (i.e. nonanoate, 2-
[2-(2-methoxyethoxy)ethoxy]acetate) or a sulphur-containing anionic, bidentate dithicarboxylate ligand
(i.e. dithiononanoate). The effects of ligand substituents on the solubility and stability of the resulting
nanoparticles in common organic solvents (toluene, THF, acetone and methanol), as well as their ease
of removal from the particle surface by thermal ligand degradation was evaluated. Ligand exchange
reactivity of the carboxylate and dithiocarboxylate ligands is probed to evaluate the relationship
between colloidal nanoparticle stability and ligand binding-group identity. This research provides
understanding of the conditions required for colloidal nanoparticle synthesis and a means to make

colloidal inks for solution-phase thin film deposition.

Chapter 3: This chapter will describe efforts to synthesise a hydrotalcite-like catalyst precursor
for the conversion of CO, to methanol. Efforts to isolate copper-containing Layered Metal Hydroxides
(LMH) via the controlled hydrolysis of organometallic precursors is discussed. The synthesis routes

tested thus far have been unsuccessful leading to separated phases over the copper-based material.

Chapter 4: This chapter describes the use of colloidal Layered Zinc Hydroxides (LZH) as a novel

catalytic stystem for the ring opening copolymerisation (ROCOP) of propylene oxide (PO) and CO; to
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provide polypropylene carbonate (PPC). The synthesis and characterisation of the catalysts is outlined.
Then the catalytic performance, under varying temperatures, pressures and catalyst loading, is

discussed.

Chapter 5: This chapter summarises the results and outlines various future directions for this

research.

Chapter 6: The final chapter details the experimental protocols and methods used to produce

and characterise the products.
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synthesis of ZnAl LDHs.

Amounts of Zn precursor, Cu precursor, toluene and HPLC-grade degassed water
used to attempt the synthesis of Cu™moisLZH-L5%? (m =1 or 11).”* 1 M CuMes in

toluene.
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Figure 6.1

Representative example of crude *H NMR spectrum of a typical PO-CO; ring
opening copolymerisation formation both poly(carbonate ether) and propylene

carbonate. Mesitylene is used as an internal standard.
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Literature Review



Literature Review

1 LITERATURE REVIEW

1.1 NANOTECHNOLOGY

“There’s Plenty of Room at the Bottom” 1/

In 1959, Richard Feynman outlined the ideas and concepts of miniaturization to the atomic and
nanoscale.!¥! His lecture is considered as the founding document of nanoscience and ever since there
has been a growing effort on the scientific front to conduct research at the nanoscale.

The term “nanotechnology” was defined over a decade later by Taniguchi, describing the
development and study of matter with at least one dimension sized from 1 to 100 nm." At these size
ranges chemical and physical properties are unique and the ‘gquantum size effect’, in which the

electronic properties of solids change with reduction in particle size, becomes relevant.?!

E 4

Bulk NP

Figure 1.1. lllustration of the increase in band gap (Eg) from a bulk semiconductor to a nanoparticle semiconductor. Er = fermi
level.

The phenomenon is observed in semiconductor crystals that are smaller than the exciton Bohr
radius as electronic states become discrete at the edges of the band structure with decreasing particle

size.® In addition, the separation between the energy levels, known as the bandgap (£,), increases with
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decreasing particle sizes.!® Consequently, optical properties of a nanoparticle can be fine-tuned by its

particle size, which is a beneficial characteristic for the design of efficient photocatalytic systems.

Another important property of nanoparticulate materials is the large surface-area-to-volume
ratio in comparison to bulk material. This is of particular interest for the design of catalysts as an increase
in total surface area may improve the rate of chemical reactivity due to more accessible catalytic active

sites .[®! Therefore, it is not surprising that nanoscaled materials are widely used in catalysis."”!

The synthesis of materials at the nanoscale can be achieved by either top-down or bottom-up
approaches. The top-down approach is a process which entails starting from bulk materials and breaking
them down into smaller particles.”y Commonly used techniques for this approach are lithography and
ball milling.®®! Major infrastructures, clean rooms and vacuum environments are often required, making
this approach technologically and economically challenging.” Moreover, defects may be introduced
during the processing due to significant crystal damage./* In contrast, the bottom-up approach forms
complex nanostructures by assembling atoms or molecules together, potentially enabling the
fabrication of nanoparticles with fewer defects, higher homogeneous chemical compositions and better
short- and long-range ordering.!” Low costs, high throughput and the possibility of large-scale industrial
syntheses are further advantages of the bottom-up approach./ A wide variety of synthetic techniques
may be deployed for this approach, such as co-precipitation, sol-gel processes, solvothermal processes,
physical vapour deposition, and chemical vapour deposition.!” The advantages are better control over
size, morphology and uniformity of the nanomaterials.”” Solution-based chemical routes are of
particular interest as specific architectures and properties can be obtained by controlling the reaction

temperature, concentration and chemical interaction (Coulombic and potentially Van der Waals).[*°!

Depending on the dimensionality, shape and chemical composition of nanomaterials they are
classified into four groups:1*%Y (1) zero-dimensional nanomaterials (0D), which are sized below 100 nm
in all dimensions and consist of nanoparticles (solid, hollow or core-shell), clusters or quantum dots,

(2) one-dimensional nanomaterials (1D), which are nanoscaled in two dimensions but show sizes
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beyond 100 nm in the third dimension; ceramics, nanotubes, nanorods and nanowires,’®'% and (3)
two-dimensional nanomaterials (2D), which are nanoscaled in their thickness only;® examples include
single- and multi-layered thin films and nanoplates.!*”! (4) Three-dimensional materials (3D) comprise of
multiple nanomaterials forming composite structures with one phase in the nanometre regime and the

others with various dimensions larger than 100 nm.[%
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1.2 (GREEN) NANOTECHNOLOGY AS A TOOL FOR A SUSTAINABLE FUTURE

According to the International Energy Agency (IEA), 33.0 Gt of CO, were emitted into the earth’s
atmosphere during 2021.*2 The record high was reached in 2018 with an emission of 33.5 Gt of CO,
which strongly contributes to the current global warming crisis. The generation of heat and electricity
was identified as the main source of CO, emissions and assigned across all sectors; industry, responsible
for nearly 40 % of the global CO, emissions, is the largest producer.*? The latest data for the first half
of 2020 shows a decrease of 8.8 % in global CO, emissions (—1551 Mt CO5) in contrast to the same period
in 2019 as a result of newly implemented governmental policies during COVID-19 pandemic.!**
However, economic downturn is not a sustainable strategy for reducing CO, emission as it creates

14,15

numerous other economic and social problems.*°! One important future technology need is to

develop methods to transform CO; to valuable products.

1.2.1  CARBON CAPTURE & STORAGE (CCS)/UTILISATION (CCU)

Carbon capture and storage (CCS) is the process of catching and storing waste CO, released
from industrial plants in order to prevent its emission into the atmosphere and thus its contribution to
climate change.l®! At present, industry primarily uses monoethanolamine (MEA) based solvents in
columns for CO; capture.®) The most well-developed approach to store CO; is injecting it into empty
oil and gas reservoirs, porous geological formations or saline aquifers.*® However, the field struggles
with meeting the growing demand for CO, capture and storage while making it economically profitable.
As aresult, energy systems with greater efficiency are currently under exploration. Nanomaterials have
attracted enormous attention in this field due to their outstanding high active surface area, and their

cost-efficiency.[*6:19.20)

While CO, capture and storage is imperative, equally crucial is the development of efficient
technologies for converting CO; into useful products (carbon capture and utilisation, CCU), since CCS is

a short-to-medium term option only.®! Moreover, using CO; as a renewable carbon feedstock might
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offset costs created by CO, capture processes, making it more economically attractive.?! As a result,
converting CO; into useful products such as fuels, chemicals and plastics has become an important focus

in the scientific community.1?%24

1.2.2 METHANOL FROM CO;

Methanol is a clean burning, liquid transport fuel which can be blended with gasoline, offering
an attractive, ‘drop-in‘ substitute with the existing fuel infrastructure.® Moreover, it is an excellent
energy vector, providing a transportable, energy dense storage medium that is well suited for renewable

electricity production.2>2¢!
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1.2.3  PHOTOCATALYTIC FORMATION OF MEOH FROM CO,

The conversion of CO; into useful energy in the presence of water and sunlight is an attractive
prospect. To realise this, efficient light harvesting catalysts are required. Given that sunlight is comprised
of ~43% visible light, these catalysts should exhibit efficient absorptivity across the visible spectrum.?”!
In this respect, semiconducting nanoparticles with a narrow band gap, suitable band edge potential,
enhanced charge separation and transport and reduced charge recombination are of particular

interest. 28

co,

3)
Solar fuels

cB A
E 2)

g
A 1) i
©: m)vifcja
H,0 3)

Semiconductor

Figure 1.2. Schematic illustration of photocatalytic fuel production from CO, and water using solar energy: 1) Absorption of
light, 2) charge separation, 3) charge transport to the catalyst surface and 4) redox reactivity. CB, conduction band; VB, valence
band; Eg, band gap.

Photocatalytic solar fuel generation is comprised of four steps: 1) generation of an exciton by
the absorption of light (photon energy > E4 of the semiconductor), 2) charge separation of electron and
hole, 3) transport of charges to the surface of the catalyst, and 4) reduction of CO; into fuel precursors
such as formate, carbon monoxide, methanol and methane by the generated electrons with

concomitant oxidation of water by the generated holes to provide 0,.12%3C

Thin films (i.e. 2D materials) of such semiconductors deposited onto substrates are excellent
candidates as they allow for more efficient light absorption compared to suspended powders in
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BY Moreover, they may be more cost effective since less material is required.?? Also, the

solution.
catalyst handling and its recyclability/recovery is simplified.*? However, one of the major challenges is

the formation of inexpensive, high quality films with a large surface area.

1.2.3.1 Nanostructured large area device fabrication

Conventional thin nanostructured solid films may be generated via atomic layer deposition
(ALD), chemical vapour deposition (CVC) or physical vapour deposition (PVD), but these techniques are
energy intensive and may require high cost equipment and precursors.>34 Alternatively, the formation
of thin films via solution-based techniques from pre-prepared NPs of a controllable size, shape and
composition might enable low cost and efficient device processing with the possibility for roll-to-roll
device fabrication.

Efficient device fabrication via solution-based techniques, such as spin-coating, inject printing
or drop casting, require high quality nanoparticles that form stable colloidal dispersions (i.e inks). As
colloidal systems have a high NP surface they tend to aggregate to minimise their high surface energies;

ligands can avoid this happening by passivating the surface of the NP.®!

1.2.3.2 Nanoparticle stabilisation

Nanoparticles can be stabilised and solubilised by ligands coordinated at the particle surface. This
strategy may prevent agglomeration and precipitation from solution. Three different strategies are

applied to achieve NP stabilisation:3®

(1) Electrostatic stabilisation (Figure 1.3, A) is achieved via repulsive forces between solvent
molecules and NPs with highly charged but weakly coordinating ionic ligands, such as
sodium citrate, ascorbic acid or tertiary butyl ammonium. This nanoparticle stabilisation is
beneficial if post-synthetic ligand exchange is desired, but problematic if long-term
stabilisation is necessary as electrostatically stabilised NP solutions are prone to irreversible

aggregation with changes in pH, concentration and temperature.®
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(2) Steric stabilisation (Figure 1.3, B) is achieved by using long-chain or sterically hindered
ligands. The thickness of the ligand ‘shell’ around the NP has a direct influence on its
stability. Depending on the chain length and type of ligand the stability of these solutions
may vary. However, steric stabilisation may limit the free movement of the NPs in
solution. B¢

(3) Electrostatic and steric stabilisation (Figure 1.3, C) is achieved when ligands with a polar
head group and a long chain are utilised as this introduces a electrical double layer for

electronic stabilisation, and steric stabilisation, respectively.®!

A)
Electrostatic Stabilisation
.4t —>
o - ST+
+ B -4 +
+ NP *--+ NP *
+ + -
4 +_ . +
B)

EQN %N

Figure 1.3. A) Electrostatic, B) steric and C) a combination of electrostatic and steric stabilisation of NPs in colloidal dispersions.
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1.2.3.3 Ligand classification

Ligands are usually comprised of an alkyl chain that enables solubility in organic solvents, and
an anchoring headgroup that dictates the binding fashion and strength onto the NP surface.®! In
analogy to coordination chemistry, Green’s covalent bond classification can be used to classify ligands
as either X-, L- or Z-type ligands, depending on their mode of coordination to the surface of the
NPs.12>3738 X_type ligands are anionic and form a covalent metal-ligand bond by donating one electron
to the metallic NP; examples include carboxylate (i.e. RCO;") or alkoxide (i.e. RsCO7) ligands. L-type
ligands (i.e. neutral Lewis bases) donate two electrons towards the metal ion forming a dative covalent
bond; examples include amines (i.e. NRs) or phosphines (i.e. PR3). Z-type ligands (i.e. o-Lewis acids)

accept two electrons from the metal ion; examples include H* or boranes (i.e. BR3; Figure 1.4).5>3%

I‘X—type

\®

D LZ-type

O

I'L-type

Figure 1.4. Coordination of different ligand types onto the NP surface, and classified using Green’s covalent bond classification.
Modified from Ref.[39!

The metal-ligand bond strength depends on the position of HOMO and LUMO of the ligands
with respect to the NP Fermi level.®” In this context, Hard-Soft Acid-Base (HSAB) theory is frequently
applied to qualitatively predict the strength of the NP-ligand bonding interaction. In general, soft metal
jions (i.e. late d-block metals in low oxidation states) coordinate more strongly to soft ligands (i.e.
phosphines or thioethers), and hard metal ions (i.e. early d-block metals in high oxidation states)
coordinate more strongly to hard ligands (i.e. oxides or halides).®” The modified electron density and
charge distribution on the NP surface was observed experimentally by changes to the surface plasmon

resonance (SPR) of Au nanoparticles, capped with ligands of varied donor moieties (i.e. dodecanol,
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49 Stronger ligand coordination to the NP surface resulted in a greater

dodecylamine and dodecylthiol).
red shift of the SPR band maximum in the order of Au-S > Au-N > Au-0O, in accordance with HSAB theory.
Despite the relative utility of HSAB theory to predict the strength of metal-ligand coordination, it does
not always reflect the experimental results correctly.’®”!

Kepp reported a quantitative scale of oxophilicity and thiophilicity to empirically predict
whether a metal ion will preferentially coordinate to an oxygen- (i.e. oxophilic metal) or sulphur-
containing ligand (i.e. thiophilic metal).“Y The study demonstrates that oxophilicity is correlated to the
metal ion electronegativity, ©. The scale was found to provide an accurate measure of various types of
reactions. For example, highly oxophilic Ce (@ =0.9) demonstrates a poor release of oxygenated
products formed in catalytic diesel soot oxidation. However, doping CeO;, with moderately oxophilic
metals, such as copper (© = 0.2) and manganese (O = 0.4), facilitated the release of gasificated soot and
thus increased catalytic activity and selectivity.*?! Applying the concept of oxophilicity and thiophilicity

for NP metal ions to ligand selection for NP stabilisation may help to predict and rationalise ligand

selection for a particular NP.

1.2.3.4 Synthesis of colloidal NP dispersions

Surface functionalities that form stable NP colloidals can be installed after NP synthesis via
ligand exchange processes. Ligands present during the NP formation generally lead to stable colloidal
nanoparticles.®® Co-precipation®*?, solvothermal, hydrothermal®!, sol-gel,“®! hot-injection®*”! and

(48]

microemulsion'*®! processes, all rely on solution phase nucleation with ligands to form colloidal NPs.

The formation of ligated NPs is often described as a two-step process: (1) Nucleation, which is
defined as the assembly of atoms or nanoclusters from a reduced and/or decomposed metal precursor.
The initial reaction rate of nucleation can be dependent on the reducibility of the metal precursors, the
capping ability of the ligand and the reaction temperature, all of which being responsible for dictating
the nucleation structure. (2) Growth, which represents the step in which nuclei grow into different sizes

and shapes.®
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Most often NP synthetic routes rely on the use of excess ligands. This may be problematic for
catalysis as excess ligands may block active sites and therefore reduce activity.'*® Synthetic routes that
make use of organometallic reactivity to access colloidal NPs are an attractive way to prepare stable

colloidal NPs as they are typically stabilised by substoichiometric amounts of surface-capping ligands.

This method for colloidal NP synthesis was pioneered by Chaudret and co-workers who took
advantage of the highly reactive nature of organometallic precursors, such as Zn(c-CsHi1),, to form
stable ZnO NPs under thermochemical conditions.”*” Such organometallic reactions occur at low
reaction temperatures and ligands were found to significantly influence the size and shape of the

isolated nanoparticles.*”!

The controlled synthesis of colloidal Cu(0) NPs can be achieved in organic solvents via
hydrogenolysis of a copper precursor in the presence of substoichiometric amounts of ligands.
Isobutyrate copper(ll), [Cu(CHCOO(CH3)2)2]; mesitylcopper(l), [CuMes]s or N,N’-
diisopropylacetamidinato copper(l), [Cu2{('PrNH)2(CHCH3)},] are reported as suitable metal precursors

and alkylamine or a carboxylic acid can serve as ligands."

i
nCuMes + mR-NH, —’» (n-m) CuMes + m [Cu-NHR]

Cu@NHR

Scheme 1.1. Synthesis of stable colloidal Cu(0) NPs capped with an alkylamine using CuMes as the copper precursor; i)
toluene, ii) H,.

The treatment of a toluene solution of mesitylcopper(l) with substoichiometric amounts of a
long chain primary amine (i.e. dodecylamine or octylamine) and H, (4 bar) at 100 °C, yielded colloidal
Cu(0) NPs that ranged from 3 to 5.5 nm in size.B% The in-situ generated copper(l) amide intermediate

was presumably reduced to Cu(0) to yield the metallic NP dispersion (Scheme 1.1).
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1.2.3.5 The versatile role of ligands on NP surfaces

Nanoparticle surface-coordinating ligands must be carefully selected as they influence colloidal
stability as well as the solubility, morphology, and stability of the resulting nanoparticles, which are
properties essential for many applications.®>3¢ For instance, ligands may alter the position of the energy
levels in semiconducting NPs, which dictates whether such nanomaterials are useful as light-emitting
diodes (LED).* Understanding the effects of surface ligands on NP luminescence and emission is crucial
for improving device efficiency. LEDs that incorporate oleate ligands (size = 1.7 nm) exhibited a
1000 cd/m? greater luminance and 1.5 times higher efficiency relative to LEDs that contained the
shorter tri-n-octylphosphine oxide (TOPO) ligand (size = 1.1 nm).B> The chain length of the surface
ligand was responsible for the enhanced properties since the lower surface area results in an increased

injection of holes and electrons into the NP.

If the NPs are considered for electronic and optoelectronic applications the active element is
often not the individual particle itself, but a macroscopic assembly of NPs. Good inter-particle electronic
and optical communication is key to overall efficiency which again strongly depends on the nature of
the ligand and its surface coverage.®™ For example, ligands with short chains form close-packed films,
which is considered beneficial for photoconductivity as well as minimising carrier recombination.®Y
Another approach is the use of conducting capping ligands such as benzenedithiolate for more effective
electron transfer.’? On the other hand, particles pack in close proximity following ligand removal,
enabling electron transfer via an inter-particle hopping process.®® However, ligand removal is often

accompanied by undesired NP growth, agglomeration, sintering or morphology changes.®

Excess surface coverage blocks active sites or hinders reactants from reaching the NP surface,
which is believed to reduce or even inhibit catalytic activity.®>*¥ In contrast, recent studies illustrate an
improvement in catalytic performance through the metal-ligand interface, as well as a boost in

selectivity. The promotional effect of surface-coordinating ligands is caused by either one or a
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combination of the following factors, however, differentiating or obtaining an understanding of each

factor or promoting a single mechanism is still very challenging.®®

(1)

(3)

Sterics; the selective blocking of metal surface sites to allow access of only specific small
molecule reagents or dictating the orientation of the reactants on the NP surface were
found to improve selectivity.®

Electronics; charge transfer between the ligand and surface atoms of the NP alters the
electronic properties, promoting adsorption and reactant activation in order to increase
catalytic activity. A study on Pt NPs demonstrated that with increasing electron donor
ability of surface-bound ligands the NP surface became more electron-rich, which
rendered the adsorption of electron-deficient reactants more feasible.

Solubility; when a reaction is conducted in the solution state, ligand polarity must be
considered in order to form a stable colloidal solution in the reaction medium.®
Moreover, polar or nonpolar ligand chains introduce hydrophilic and hydrophobic
environments, respectively, which enhance the solubility of certain reagents during
catalytic reactivity.2® This is especially important for gaseous reagents like O, and CO;

where a hydrophobic environment enhances their solubility and subsequent catalytic

activity.®!

Generally, the importance of metal-ligand coordination in NP chemistry is not well understood,

therefore more fundamental research may improve future ligand selection.
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1.2.4  THERMAL FORMATION OF MEOH FROM CO,

CO + 2H, - CHy0H AH,ogx = —49.5 k] - mol™? (eq.1)

Since the 1960s, methanol has been synthesised from syngas (a CO/H, mixture) which is formed
from fossil resources via the gasification of coal and steam reforming of natural gas (eq. 1).57°8 To
balance the ratio of C/H the feedstock also contains small amounts of CO,.” The current industrially
deployed catalyst consists of copper and zinc-oxide nanoparticles with an alumina support
(Cu/ZnO/Al,03) and produces methanol at moderate pressures (50 to 100 bar) and temperatures
(200 °C to 300 °C).°% |sotopic labeling studies identified CO; as the carbon source for methanol and not
CO."®Y Therefore, methanol production using CO; as the carbon source gained much attention as CO; is
obtained directly from the atmosphere or exhaust gases of fossil fuel-burning power plants. Since H; is
also obtained from a renewable energy source, the process has become highly attractive for CCU."”
However, CO; is stable (strong C=0 bonding energy; 127 kcal-mol"*®?) making efficient and productive
catalysis difficult to achieve.!®¥ Therefore, efforts towards thermal conversion of CO, to methanol has

received significant attention over recent years.!54

1.2.4.1 Thermodynamic considerations

The successful reduction of thermodynamically stable CO, to methanol is achieved at high
pressures and low temperatures.® Using an excess of H, favours the equilibrium further.® However,
the activation of CO, often requires high temperatures and therefore, the endothermic reverse water

gas shift (RWGS) is in direct competition (eq. 3).

CO, + 3H, - CH30H + H,0 AH,egx = —49.5k] - mol™?! (eq.2)

C0O, + H, » CO + H,0 AHyggx = +41.2Kk]J mol? (eq.3)
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Leitner and co-workers developed homogeneous ruthenium-based catalytic systems
(Ru-triphos centre ; triphos = 1,1,1-tris(diphenylphosphinomethyl)ethane) that showed the direct

conversion of CO, to methanol.5%¢%

Furthermore, well-defined molecular cobalt catalysts
([Co(triphos)(L)n]™) that are active for carbon dioxide hydrogenation to methanol have been reported
by Beller and et al.!®”! Despite the high selectivity and activity obtained for homogeneous catalysts, there
is a trend towards heterogeneous catalysts due to their superior stability, and ease of
separation/recycling ability. In particular, multi metallic Cu-Zn industrial catalysts offer the highest rate
and selectivity for the transformation of CO; into methanol. As a result, research has been heavily
focussed on improving the efficiency of this process in order to compete with the syngas-based

process.t’]

To optimise their performance, the role of each component has been studied to understand the
complex nature of the active site on the Cu/ZnO-based catalysts. However, their role in catalysis remains

controversial.[>868l

1.2.4.2 The power of three

One of the best heterogeneous catalysts for the direct conversion of CO; to methanol is based
on a ternary (three component system) system consisting of copper and zinc-oxide nanoparticles
supported on Al;Os. Understanding the fundamental chemistry behind the observed activity has been a
key focus using microscopy, spectroscopy and computational calculations to understand the system.
Yet, it remains a challenge to pinpoint the exact origin of the high catalytic activity because the active
sites represent only a small fraction of the materials. Additionally, dynamic processes occur within the

catalyst during pre-treatment and under working conditions, complicating mechanistic elucidation.[®®

It is generally understood that ZnO either acts as a structural or electronic promoter.!%%9 |t is
also clear that an increased contact area between Cu(0) and Zn(ll) boosts the formation of methanol

from C0,.[°7% For example, Van Den Berg and co-workers showed that a Cu(0)/ZnO catalyst that was
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10 times more active than the Cu(0) catalyst on its own."* Coperét et al.”? investigated the role of the
Lewis acidic, non-reducible alumina-support by using Cu(0)/Al,Os as the model catalyst. Specific
interfacial sites between Cu(0) and Al,Os were identified and proposed to enhance both methanol and

CO production, alongside with the dehydration of methanol to dimethylether.!”?

1.2.4.3 Mechanistic Pathways

+H
HOCO HCOO

l l+ H

CO + OH HCO,H
> -
g 1+H l+H ]
£ 3
§ CO+HO HCOH 8
g l +H, -H,0 l ~§
£ Heo H,CO+OH F
8 l+ H 1+ H *%

H,CO H,CO + H,0

l+ H l +H, -H,0

H,CO H,COH

l+ H l +H
H,COH H,COH

Figure 1.5. Possible reaction pathways for CO, hydrogenantion to methanol.

Two major reaction pathways for the chemical fixation of CO, to methanol over copper catalysts have
been proposed.”® The CO-hydro pathway (Figure 1.5, left), involves CO as an intermediate, formed from
a carboxyl (HOCO) species via the RWGS reaction, and the subsequent hydrogenation to methanol. The

other mechanism, the formate pathway (Figure 1.5, right), first generates formate (HCO,) as an
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intermediate from the hydrogenation of CO,. Subsequently formate is hydrogenated, via C-O bond
cleavage, forming methanol. Computational studies have indicated that there is a preference for the
formate pathway, as its barrier is considerably lower (activation energy (Eq) = 0.77 eV on ZnCu(211))
than the barrier for the formation of HOCO (activation energy (E5)=0.99eV on ZnCu(211)).
Experimental observation indicate prove for this theory, as the formate was the most observed

intermediate by X-ray photoemission spectroscopy (XPS).[”!

1.2.4.4 Synthetic strategies to Cu/ZnO-based catalysts

The industrial Cu/ZnO/Al,03 methanol synthesis catalyst is known to be “structure-sensitive”.[%
In that regard, the right synthetic approaches are critical to deliver its catalytic performance.

Generally, the synthesis starts with the formation of amorphous, well-mixed CuZn(Al)
hydroxycarbonates, formed by the co-precipitation of metal nitrate and sodium carbonate solutions, at
constant temperatures and pH values. Ageing converts the slurry into single-phase crystalline precursor,
such as malachite Cuy(OH),COs3, zincian malachite (CuxZn,)2(OH),COs3, aurichalcite (CuxZny)s(OH)s(COs3)2
and hydrozincite Zns(OH)e(COs),. The active catalyst is formed after thermal decomposition of such

hydroxycarbonates and in situ reduction.!”*

1.2.4.4.1 Catalysts from hydrotalcite-like precursors

Since the discovery and isolation of a single atomic layer of carbon in 2004, 2D materials have
attracted increasing attention.’>’® Among them, Layered Metal Hydroxides (LMHs) have applications

in biomedicine, photoluminescence, catalysis, and electrochemical energy storage and conversion.l’”7!

The layered single metal hydroxides (LSHs), consist of divalent metal cations octathedrally linked
by hydroxyl units and intercalated by various anions and water molecules within the interlayer gallery.l’”!
These structures are Brucite-type phases. Replacing a certain fraction, x, of divalent metal ions with

trivalent cations, forms layered double hydroxides (LDHs). These exhibit a hydrotalcite-like (htl)
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(78] Such structures are best described by the general formula, [M";xM"(OH)2(A™)x»mH,0],

structure.
where M" is a divalent cation (i.e. Mg, Co, Ni, Cu, Zn or Ca), and M" is a trivalent metal cation (i.e. Al, Fe,
Cr or Ga). The charge of the cationic sheets is compensated by intercalated anions, like COs*, NOs and

504739 x is normally within the range of 0.25-0.33,") and water molecules are loosely coordinated in

the interlayer region.”

A large library of compounds can be synthesised by changing the identity of the metal and/or

intercalating ions, resulting in adaptable physiochemical properties tailored for specific applications.””

LDH precursors offer great promise in catalysis due to their homogeneous distribution of metal
cations inside the 2D layers and after calcination (and reduction) may afford well-dispersed mixtures of

5.[81821 Recently, Cu-based catalysts derived from LDH precursors were found to

metal oxide particle
show good dispersion at the atomic level, high stability against sintering, high specific surface area and
a high degree of cooperativity between the metal cations.®¥ These properties are considered to

enhance methanol production from CO; and so several catalysts deriving from ternary and quaternary

Cu-containing LDHs were tested (Table 1.1).188>92]
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Table 1.1. Table showing catalysts for methanol synthesis deriving from Cu(ll) containing hydrotalcite like structures.

htl precursor deu Scu Dcu T P Space Gas STY® TOF Selectivity
for catalyst [nm] | [m?g?] [%] [°C] [bar] velocity® feed [s] [mol% C]

CusZnsAlo.7Zro3- - 17.24 4.66 250 50 (G) 25% CO2 0.18 N 55.0
COsl! 4000 75% Ha [gmLth?]
CusZnsAlo.7Zro3- - 214 6.0 250 50 (W) 25% CO> 0.3 - 53.6
CO587 7500 75% Ha
Cu2Zn1Alo.7Zros- - 41.5 14.4 270 50 (G) 25% CO> 0.16 9.22 431
CO5i%8 4000 75% Ha, [gmLh] %103
Cus0Zn2sAlz2sY2s- - 34.3 13.7 250 50 (W) 25% CO> 0.52 - 47.1
CO58 12 000 75% Ha
Cus1.1Zn23.5A122.4Y3- 8.3 343 13.6 230 50 (W) 25% CO2 0.39 6.66 69.3
COsl% 10 000 75% Ha x103
CuzZniAl2Zros- 6.5 19.4 6.07 190 50 (G) 24% CO2 0.087 7.34 81.84
COsl°Y 4000 73% Ha x1073

3% N2
CusoZn17Al33- 7 7 - 250 60 (W) 4% CO; - 2.68 -
COsl8Y 20 000 72% Ha x1072

10% CO

14% He
CusoZn17Al1sGans- 8.5 7.2 - 250 60 (W) 4% CO, - - 100
COsk? 20000 72% Ha

10% CO

14% He
Cuo0.47ZNn0.32Gao.21- <5 99.2 46 270 45 (W) 25% CO2 0.59 2.15 49
CO5t! 18 000 75% Ha x1073

3(G) = GHSV = gas hourly space velocity volume [h']; (W) = WHSV = weight hourly space velocity [mL-gca*h!], PSpace time yield of methanol

[gMeOH'gcatrl‘hrl]-

In summary, an optimal methanol catalyst has a highly dispersed but accessible distribution of

small copper crystallites, with a high Cu(1)/Cu(0) ratio that interacts with its oxide matrix. The synthetic

methods of pre-phases are very important and continue to warrant attention.
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1.2.5 POLYMERS FROM CO;

Synthetic polymers are typically formed from natural gas or crude oil, and have become an
indispensable part of our everyday life.”® The worldwide production in 2020 was estimated to 367

.’ Due to tailorable physical properties, such as weight, toughness and strength they

million metric ton
find use in packaging, consumer products, textiles, building materials and electronics amongst other

areas of modern life.!®3

Polycarbonates, with a production of 4.4 million metric tons/annum in 2016, are represented
as a rather small proportion of plastics but are heavily used as replacements for glass in automotive

5.1999%1 Also, their use as blends has

interiors, sunglasses, bulletproof windows, and medical device
attracted significant attention. Typical blends include stiff polymers in form of polyhydroxybutyrates or

poly(lactid acid). The resulted composites often demonstrated better toughness, stiffness and

transparency, which are favourable for commercialisation.”®”

HO 0|.|+ nCIJCLCI : " Oio Ol-I

n

Bisphenol-A Phosgene Polycarbonate

Scheme 1.2. Industrial synthesis of polycarbonate. i)+ NaOH, - NaCl/H,0. Modified from Ref.[%]

The industrial production from bisphenol A and phosgene (Scheme 1.2) yields the polymer,
featuring [0-C(=0)-0) repeat units in the backbone, with a glass transition temperature T, of 140-155 °C
and good tensile and impact strength.!°® However, the use phosgene as gaseous substrate is undesirable
as it is highly toxic. Moreover, the formation of chloride salts and chlorinated solvent waste during

polymer production makes this synthesis path even less attractive.”
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Scheme 1.3. Polycarbonate synthesis via step-growth A) Industrial method, B) Greener industrial method, C) Greener method
and chain-growth D) Ring opening polymerisation; ROP, E) Ring opening copolymerisation ROCOP. Modified from Ref.[%€]

As a greener method, diols can be reacted with other carbonyl fragments such as carbonates or
CO,, affording aromatic or aliphatic polycarbonates (Scheme 1.3, B and C).['%! However, step-growth
condensation copolymerisation does not allow a control over the molecular weight and requires high
temperatures and the continuous removal of water, and other condensates, to drive the reaction to full
conversion, making it a highly energy consuming process.*) An attractive alternative is the synthesis
of polycarbonates via ring opening polymerisation of a cyclic monomer (ROP) (Scheme 1.3, D) or the
ring opening copolymerisation (ROCOP) (Scheme 1.3, E) of an epoxide with CO, in a chain-growth
manner as both can be conducted under milder conditions as the driving force is the release of ring

strain.t*0%

Conversion of the cheap, abundant and non-toxic waste CO, into polymers has attracted
considerable attention as it is an attractive strategy to move towards a more sustainable chemical
industry.’®Y Depending on catalyst selection, monomer and conditions the resulting polymer maybe
perfectly alternating (polycarbonate, with 43 wt.% CO, and 299% carbonate linkages) or a combination

of carbonate and ether linkages poly(ether carbonate).?®102]

Perfectly alternating poly(propylene carbonate) yields materials which have a high strength ,
durability, heat resistance, good electrical insulation and biodegradability.*°>1°% However, low glass
transition temperatures of 37 °C maybe problematic for any stand-alone plastic applications.!*%!

Reducing the carbonate linkage content was found to reduce the glass transition temperature. For
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example poly(ether carbonate) with 7 wt.% CO, content is reported as a viscose material with a T of

—60 °C, making it potentially useful as a blend (vide supra).*%%

1.2.5.1 Mechanistic steps
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Ring Opening Copolymerisation (ROCOP) of epoxides and CO,
1. Initiation

M-X + & Lﬂde» M-O/\’X X = halides, carboxylates

ring opening

2. Propagation

(o)
M-OJLO-P
Carbonate
0]
fast slow a
co,
(o)
M-O\/\OJLO-P
Alkoixde
3. Termination
lo) o)
+ —
Mo~ p + HX — MX+ HO U~ o-p

Scheme 1.4. Catalytic formation of poly(propylene oxide) from epoxide and CO; (top). Steps involved in the reaction: Initiation,
Propagation and Termination. Modified from Ref.[104.106]
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Typically, the formation of carbon dioxide derived polymers occurs by a polymerisation
mechanism reliant upon some key processes: 1) initiation, 2) propagation 3) termination (Scheme 1.4).
The reaction requires a catalyst and this species is implicated in reducing reaction barriers in all steps.

Initiation is proposed to involve the activation of the epoxide at Lewis acidic metal sites and the
attack and ring-opening by a nucleophile (X). The nucleophile is typically a metal coordinated halide or
carboxylate group. Propagation consists of two elementary reactions: CO, insertion and epoxide ring
opening. The metal-alkoxide reacts with CO; to generate a metal carbonate species. Heterogeneous
catalysts typically require high pressures to proceed (>20 bar) and the polymer chain grows by repeated
nucleophilic attack by the growing chain on a coordinated epoxide. For propene oxide ROCOP, the
ring-opening can be regioselective/random (depending upon the relative site of epoxide ring-opening,
different linkages are formed in the polymer chain).*®”! Termination occurs during reaction work-up and
is proposed to involve the hydrolysis of the chain from the metal. Polymerizations may be quenched by

the addition of acids to accelerate the hydrolysis process.!*%®!

Formation of ether linkages in polymer chain

Smmmmm?®

R-0-M + /\ —> ER-O/\’O\/\OJLO-R

0
(o) v o O)Lo Backbiting M-0 JOL
ﬁ b -
= i — creise 07 0-R

Scheme 1.5. Formation of ether linkages in the polymer or cyclic by products. Products surrounded by dots can go back into

the reaction cycle of propylene oxide formation, either generating a polymer mixture of a broader PDI or imperfectly
alternating PPC.
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Ether linkages form due to sequential insertion of epoxides into the metal alkoxide intermediate
and the process is dependent upon the Lewis acidity of metal, although this feature is not well
understood or quantified (Scheme 1.5).'%! An undesirable by-product is propylene carbonate, a five
membered ring cyclic carbonate, which forms either directly from CO,/epoxide cycloaddition or via a
polymer chain backbiting reaction (Scheme 1.5). Its formation is problematic in large scale synthesis
because cyclic carbonates can behave as plasticiser and have high boiling points (hence are energy

intensive to remove from the polymer).

1.2.5.2 Catalyst Development

The first copolymerisation of epoxides and CO, was reported by Inoue et al. in 1969 and the
report detailed a catalyst formed in situ from a 1:1 mixture of ZnEt, and water. At 80 °C and 50-60 atm
CO; pressure, poly(propylene carbonate) was produced in low yield and with low molecular weight. %!
Since this pioneering work, academia and industry have discovered more efficient catalysts; many are
complexes of transition metals (e.g. Co, Cr, Zn, Ti, Fe, Ni) and/or base metals (Mg, Na or Al).11® Only a
few metal-free catalysts, such as combinations of trialkyl- and triarylborane!®®”, organic cations*1112,

[115

organoboron based catalysts**'* or tertiary amines***, have been reported recently.

So far, the vast majority of published research focusses on homogeneous catalysts as they yield
high polymer conversions, molar mass control and narrow dispersions (). Reaction processes can be
probed through use of NMR spectroscopy, IR spectroscopy and theoretical analysis. Nonetheless, the
patent literature focus has been on heterogeneous catalysts, although more challenging to elucidate
structure-activity relationships, they are typically easy to synthesise at scale and use cheap, colourless

and non-toxic zinc with the ability to be recovered and reused.

To-date, two major heterogeneous catalyst systems have been developed: 1) Zn-Co double-
metal cyanide complexes (DMC) and 2) zinc dicarboxylates (ZnGA). Among them, DMC catalysts show

the highest productivity of 60.6 kg polymer/ g Zn—Co-DMC.[2%411¢] These catalysts yield poly(ether
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carbonates), typically with low carbonate linkage uptakes, making them attractive in the preparation of
polyols for polyurethane synthesis.'°#1/l DMC catalysts are, however, quite complex to use — they
require specific activation protocols and can be easily deactivated.!*'® They also contain cobalt which is
expensive. In contrast, zinc dicarboxylates offer a cheap and non-toxic alternative and are able to
produce polymers with greater carbon dioxide uptake and higher molar masses. Thus, despite their
lower catalytic efficiency (0.16 kg polymer/g ZnGA catalyst, Table 1.2 entry 10) they can be desirable to

use in the production of a broad range of polycarbonates.*"!

Among zinc based dicarboxylates, zinc glutarate (ZnGA) has been studied extensively over the
last 50 years, as it is easy to synthesise and vyields poly(propylene carbonate) materials with high
molecular weight (~150 kg/mol) in good yields.™? [t is speculated that the dicarboxylate glutarate
generates a structure with the correct balance of crystallinity, zinc Lewis acidity and optimal Zn—2Zn
distance (between 4 — SA; theoretically calculated) for a dinuclear activation/polymerisation
mechanism to operate.'®*Y The use of alternative dicarboxylates resulted in a significant drop in

activity 2!

Figure 1.6. Solid-state structure of ZnGA. View along b-axis (left) and view along a-axis (right).[*22 Reprinted with permission
from J. Am. Chem. Soc. 2011, 133, 33, 13151-13161. Copyright 2011 American Chemical Society.

The solid-state structure of ZnGA was evaluated using X-ray powder diffraction experiments

(Figure 1.6). The structure consists of layered tetrahedrally coordinated zinc atoms bound to four oxygen

46



Literature Review

atoms from different glutarate units, which bridge the layers (Figure 1.6).22?4 As no micro-pores were
identified, the catalytic active sites were hypothesised to be present on the catalyst’s surface as the

epoxide monomer is not expected to diffuse into the bulk material.*%

(0] (0]
200 + OH O—Zn—OH
OH OH

o

Scheme 1.6. Zinc hydroxyl groups formed as a result of the monocondensation of ZnO and glutaric acid.!12]

Chisholm and co-workers identified hydroxyl end-groups to the poly(propylene carbonate), PPC,
formed by zinc glutarate catalysts using mass spectrometry.?®! From this result, Rieger and co-workers

121 Since the synthetic protocol for

concluded that hydroxyl-groups should be present in the initiator.!
ZnGA requires a condensation reaction between ZnO and glutaric acid (Scheme 1.6), the active

sites/initiators were proposed to be surface Zn-OH groups.*?!

Additional studies on the interaction of propylene oxide and carbon dioxide with ZnGA by near
edge X-ray absorption fine structure spectroscopy (NEXAFS) showed a reversible absorption of both
monomers on to the catalyst surface via insertion into the Zn-O bond on the surface of the ZnGA
material. The surfaces showed preferential propylene oxide (PO) absorption (ZnGA powder on Si wafer
exposed to 20 bar CO; pressure for 10 h, followed by exposure to PO at 35 °C for 4 h), which implies

1271 Theoretical calculations, by

that the copolymersisation is initiated by PO insertion rather than CO,.
Rieger et al., implicated a bimetallic mechanism dependent upon two zinc centres ideally separated by

4.3-5 A on the surface. 121

The many investigations of ZnGA catalysts have shown that the activity depends strongly on the
zinc precursors, synthetic protocol, crystallinity, particle size, Zn—Zn distance, and the amount of surface
active sites that are accessible.**'21 As g result, studies to improve the overall catalytic activity of ZnGA
have mainly focused on synthetic protocol modifications to increase the surface area, whilst maintaining

high crystallinity.
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Moreover, it was found that the source of zinc and glutarate used in the synthesis of ZnGA was

y.[12812% Among the various starting materials, the use of

crucial for the catalytic polymerisation activit
Zn0 and glutaric acid produced the best catalysts (vide supra and Table 1.2). For comparison, best value
achieved for ZnGA synthesised from ZnEt, and glutaric acid produced only 2.5 grams of alternating

polypropylene carbonate per gram of catalyst under the same reaction conditions (Entry 2 in Table

1.2).11201

Table 1.2. Comparison of Selected ZnGA Catalysts for the Copolymerisation of Carbon Dioxide (CO,) and Propylene Oxide
(PO).

Precursors . Productivity  Mh b
[g/gCatalyst] [kg/mol] [g/mol]

10310 ZnEt-GA 1.6 15° 40° 35 44 0.22¢ - -
21301 7nEt-GA 1.0 100 52¢ 60 40 2.5 11.0 113
31301 7n(0OH)>-GA 1.0 100 52¢ 60 40 8.8 22.0 3.0
41130 7n0-GA 1.0 100 52¢ 60 40 64.0 143.0 2.4
51321 7n(0OAc)2-:2H20-GA 1.0 - 418 60 40 83.0 60.0 2.7
61331 7ZnO-GA 0.5 100 50f 60 40 126.0 56.1 -
7134 7Zn0-GA 0.5 100 52f 60 40 115.2 14.5 2.2
8133 7n0-GA 01 30 50 60 36 1308 14.5" 33
91291 7n0-GA 04 40 51¢ 60 40 40.0 >50 -
101181 ZnO-GA 03 100 52f 60 40 160.4 26.3 -
11021 7Zn0O-GA 01" 10 40 80 20 71.5% 103.0 2.8
1211200 7ZnO-GA 02 20 30f 60 40 132.1 147.8 2.2

aCalculated from the reported moles of ZnEt,. "The amount of PO was reported in g but as been converted into mL for
consistency. The pressure was reported in atm but has been converted into bar for consistency. 9Calculated from the
copolymer yield. ¢The pressure was reported in psi but has been converted into bar for consistency. fThe pressure was reported
in MPa but has been converted into bar for consistency. eCalculated from the amount of catalyst and polymer yield [kg-mol! Zn]
reported. "Calculated from the number average molecular weight - 1073 [g-mol]. The amount of catalyst was reported in mmol
but has been converted into g for consistency. IThe amount of PO was reported in mmol but has been converted into g for
consistency. Reported as the turnover number [grams of polymer per moles of zinc].

For example, the addition of amphiphilic block copolymer templates (eg. poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol); Pluronic PE6400) during the synthesis!*3?
enhance the surface area of the ZnGA catalyst while retaining crystallinity (Entry 5, Table 1.2). The
support of Zn glutarate onto perfluorinated polymers (Entry 6, Table 1.2)%! or silica (Entry 8, Table
1.2).1%! resulted in even better productivity, once again attributed to greater product crystallinity.
Dispersing the ZnGA onto the surface of acid-treated montmorillonite clay was also effective and was

attributed to the effective dispersion of small catalyst crystallites which increase the overall catalyst

surface area (Entry 7, Table 1.2).13% Also, ultrasonication of the catalyst was found to be efficient in
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improving activity (Entry 9 and 10, Table 1.2).*%12°I Rieger improved the activity of ZnGA via ball milling
of ZnGA, under N3 in the presence of water, to generate more Zn-OH initiator groups on the surface
(Entry 11, Table 1.2)."2Y However, further downsizing of the catalyst particles was restricted by the
lower limit of ball milling, which is 1 pm.B® Thus, nanosized ZnGA particles via surface-etching of

standard ZnO offers an alternative methodology (Entry 12, Table 1.2).1*%°!

Despite these advances, the catalytic activity of ZnGA has been only marginally improved over

[121

the past decade.™Y In contrast to the efforts afforded to optimising ZnGA, much less investigation of

alternative heterogeneous zinc catalysts have been undertaken.
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2 SYNTHESIS OF COPPER BASED COLLOIDAL NANOPARTICLES BY
ORGANOMETALLIC REACTIVITY

2.1 BACKGROUND AND SCOPE

Earth-abundant and inexpensive Cu-based nanoparticles (NPs) are attractive in catalysis as they
show variable accessible oxidation states (Cu®").[l Different synthetic strategies, and/or post synthetic

treatments allow for fine tuning of their chemical and physical properties.™

Cu-based NPs tend to be synthesised via bottom-up approaches as this enables better shape
and size control in comparison to top-down methods.!!! Wet chemical techniques are well established
to make such NPs. These protocols generally entail the reduction of Cu(ll) salts (i.e. CuSQa, Cu(CsH703),,
CuCl,, or Cu(NQO3s)3) with sodium borohydride, hydrazine, 1,2-hexadecanediol, glucose, ascorbic acid, CO
or boranes.” These processes tend to require high temperatures (>100 °C), form salt by-products and

require excess ligand.

Alternatively, Cu(0) NPs can be synthesised via low temperature hydrogenolysis of an
organometallic copper precursor, such as isobutyrate copper(ll); ([Cu{CHCOO(CHs):}2), mesityl
copper(l), CuMes (Mes = CgH,-2,4,6-Mes), or N,N’-diisopropylacetamidinato copper(l); ([Cu(Pr
NH),(CHCHs)],) in the presence of a surface capping ligand (i.e. alkylamines or carboxylic acids) in an
organic solvent (i.e. toluene, THF or anisole).”? The key advantages of an organometallic approach to NP
synthesis are: (1) Low temperature reaction conditions, since the organometallic precursors do not
require thermal decomposition, (2) volatile reaction by-products, such as mesitylene, can be removed
easily, and (3) substochiometric quantities of surface capping ligands is advantageous for
heterogeneous catalysis as fully saturated surfaces block active sites (see Chapter 1 — Introduction, vide

supra).
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The, treatment of a toluene solution of mesitylcopper(l) with substoichoimetric amounts of a
long chain primary amine, such as dodecylamine or octylamine, under 4 bar H;, pressure with heating to

100 °C, yielded colloidal Cu NPs that are 3 to 5.5 nm in size (Scheme 2.1).”!

i
nCuMes + mR-NH, ) Cu@NHR

Scheme 2.1. Synthesis of stable colloidal Cu NPs capped with alkylamine ligands. i) Toluene, H.[”!

Previously our team synthesised well-defined, ultra-small (~2 nm) colloidal Cu(0) NPs, capped
by substochiometric amounts of a phosphinate ligand, [(CsH17)2PO2]". The NPs were prepared by
reducing mesityl copper(l) with H, at 110 °C, in the presence of di(octyl)phosphinic acid.® The use of
phosphinate ligands allowed in-situ reaction monitoring via 3P NMR spectroscopy, which indicated the
formation of minor Cu-phosphinate complexes and mesitylene prior to the formation of phosphinate
capped Cu(0) nanoparticles via hydrogenation.!® Subsequent oxidation of colloidal Cu(0) NPs to Cu,O
was achieved through exposure to air, at 25 °C, overnight. Cu(0) NPs were regenerated by exposing the
Cu,0 NPs to H,. By repeating cycles of exposure to air and H, gases, it was feasible to achieve redox

cycling.t®

Cu,0 NPs are potential photocatalysts for the conversion of CO, to methanol as they show
strong visible light absorption, have a small band gap energy (2.1 eV) and well-suited band edges
potentials (valence band 1, conducting band —1.1 V vs. NHE, pH 0).°% Future economically feasible
pathways to form large-area films is desirable (see Chapter 1 — Introduction). In this context, the
formation of stable colloidal solutions of Cu,O NPs, in common organic solvents is a useful target. Here,
the aim is to study the stability of colloidal Cu-based NPs as a function of surface capping ligand identity,
as well as to understand the properties such ligands impart onto the resulting nanoparticulate materials,

such as ligand binding strength, thermal ligand removal and their solubility in common organic solvents.
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First, the impact of the donor ligands on the formation and stability of colloidal Cu and Cu,0
NPs will be investigated. Specifically, a sulphur-containing dithiocarboxylate ligand (dithiononanoate,
[L:4]7) and oxygen-containing carboxyate ligands will be deployed (nonanoate, [L;°%]" or 2-[2-(2-
methoxyethoxy)ethoxy]acetate, [L,°?]7). By keeping the ligand chain consistent and only changing the
donor atoms of the ligand between [L;*)]~ and [L;°%] 7, it may be possible to understand how the donors
impact the formation of stable, colloidal nanoparticles. To understand the stability of the NP-ligand
interactions ligand exchange reactions will be performed. These will be conducted by treating solutions
of Cu and Cu;O NPs capped with O-containing carboxylate ligands (Cu@L;%? or Cu,0@L;%?) with an
equivalent amount of an S-containing dithiocarboxylic acid (HL;*?). Second, as ligand coordination
consumes potentially catalytically active sites on the NP surface, its removal while retaining NP size,
morphology and identity is required. Therefore, thermal ligand removal and degradation will be
surveyed on the Cu,0 NPs. Ligands of varied chains, such as long alkyl or polyether-containing ligands,
will be investigated; the latter are anticipated to thermolyse off at lower temperatures because
decomposition products consisting of carbon and oxygen are expected to be more volatile than carbon-
based products are. Finally, the effects of ligand polarity on NP solubility and subsequent formation of
highly concentrated solutions in common organic solvents will be evaluated. Powder X-ray diffraction,
IR, UV-Vis and X-ray photoelectron spectroscopy (XPS), and thermal gravimetric analysis (TGA) have

been used for nanoparticle characterisation and reaction monitoring.
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2.2 RESULTS AND DISCUSSION

2.2.1  SYNTHESIS AND CHARACTERIZATION OF CU@L NANOPARTICLES

Mesitylcopper(l) (CuMes) is a suitable metal precursor for accessing colloidal copper-containing
nanoparticles as the mesityl ligand readily undergoes protonolysis with carboxylic or dithiocarboxylic
acids to form mesitylene, an unreactive hydrocarbon byproduct, and afford a carboxylate or
dithiocarboxylate ligand, respectively. CuMes was prepared on a multigram scale (>5 g) from cuprous
chloride and mesitylmagnesium bromide. Alternatively, commercially CuMes was recrystallised from

toluene prior to use.

Cu
a b
)Sj\ 1.0 equiv. 0
HS R4 Ho)LRn
HL.,«52 HL.02
0.1 equiv. 0.1 e?quiv,

() 0 1

Cu@L,* Cu@L,?

™\
’

A
-

T
.

p—————————
——————————

R,= “,"VO\/\O/\/O\

#

Scheme 2.2. Representation of the synthesis of colloidal Cu@L;*2 (a) and Cu@L,®% (b, n = 1 or 2) from CuMes and the
appropriate proteo-ligand in toluene; i) 3 bar Hy, 110 °C, 2.5 h. [Cu] =36 mM.

Colloidal Cu@L (L = ligand) nanoparticles were synthesised by treating a toluene solution of
CuMes with 0.1 equiv. of the appropriate proteo-ligand (nonanoic acid; HL%%, 2-[2-(2-

methoxyethoxy)ethoxy]acetic acid HL;°? or dithiononanoic acid; HL;*2) and heating under a hydrogen
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atmosphere (3 bar; Figure 2.2). Cu@L/** (X = O or S) were purified via precipitation from toluene with
acetone. Cu@L,%? was used without further purification as the particles remain soluble in acetone,

hampering further purification.

Carboxylate ligands are well-known for stabilising metal and metal oxide nanoparticles through
covalent binding to the particle surface. Apolar nonanoic acid (HL;°%) and a polar polyether-containing
carboxylic acid, 2-[2-(2-methoxyethoxy)ethoxy]acetic acid (HL,°?), were selected as suitable proteo-
ligands; varying the ligand chain polarity from an alkyl group in HL;°? to an oligoether group in HL,%?

allows insights into how ligand polarity affects both NP solubility in common organic solvents, and

thermal ligand removal. The sulphur-containing analogue, HL;*?, was also utilised.

a)
— |P)
>3
5,
z
)
[
Q
[= (111)
£ o

(200) (220)
|
T I T I T I
20 40 60 80
2 theta [©]

Figure 2.1. Powder X-ray diffraction patterns for a) Cu@L;°?, b) Cu@L,°2 and c) Cu@L;*2. Reference bars: Cu (black, JCPDS card
no.: 01-085-1326).
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Analysis of the samples by powder X-ray diffraction confirmed the formation of Cu(0)
nanoparticles when all three ligands were deployed (i.e. HL,%%, n = 1, 2; HL;?), giving rise to broad
diffraction peaks at 44° (111), 51° (200) and 74° (220) 2 theta (Figure 2.1). The crystallite size was

reproducible and was estimated to be <4 nm via the Scherrer equation for all samples.
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Figure 2.2. XPS spectra for Cu@L;°? (blue), Cu@L;%? (black) and Cu@L;*? (red) nanoparticles; A) survey, B) Cu 2ps/, C)
CulsM4sMas D) O 1s, E) C 1s, F) valence band spectra and G) S 2p/Si 2s spectra. Measurements were acquired by Dr Anna

Regoutz, UCL.
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X-ray photoelectron spectroscopy (XPS) measurements were performed by Dr Anna Regoutz
from University College London (UCL). To avoid air exposure and any related alterations of observed
chemical environments all samples were transferred to the spectrometer using a special glovebox
module. The survey spectra contained the expected peaks corresponding to Cu and the coordinated
ligand (Cu 2p, O 1s and C 1s, Figure 2.2 A)."Y In addition, unexpected signals attributed to Si were
observed, which may derive from silicon grease.*¥ The Cu 2ps/; core level peaks appear at a binding
energy (BE) of 932.7 eV in all samples Cu@L,** (n=1o0r 2 and X =0 or S), and can be assigned to either
Cu(0) or Cu(l) (Figure 2.2 B).*? To determine the Cu oxidation states the energy position and line shape
of the Cu LsM4sMa s Auger line is analysed. Cu@L;*? (X = O or S) is composed of metallic Cu(0), whereas
for Cu@L,%? strong lines representing Cu(l) were observed (Figure 2.2 C), which is in line with data
reported for stearate coordinated Cu NPs.®*34 The O 1s spectra for Cu@L,*? (n = 1 or 2) showed COO
signals, representing the surface bound carboxylate ligands, and C-O/H environments were observed
for the ligand chains.*>®! Oxidised Cu was again detected for Cu@L,%?, evidenced by Cu-O environments
(Figure 2.2 D)."? For Cu@L;**the spectra contained only the C-O/H peaks, as expected for a coordinated
dithiocarboxylate ligand with an alkyl chain (Figure 2.2 D). The C 1s spectra contained C° peaks for all
samples which can be attributed to the carbon-containing chains of the coordinated ligands, though
adventitious carbon, is always present in this technique.”*® Cu@L,%* (1 or 2) showed additional COO
signals from the carboxylate groups of the ligands (Figure 2.2 E). For the [L,°%]" ligand, additional C-O/H
signals were also observed (Figure 2.2 E). From the visible fermi edges, the valence band spectra of
Cu@L;* (X =0 orS) showed evidence of metallic Cu(0) (Figure 2.2 F). The S 2p/Si 2s spectra of Cu@L;>
contained peaks corresponding to Cu-S environments and Si-O/H signals appeared for all samples
(Figure 2.2 G).1*¥!

Fourier transform infrared spectroscopy (FT-IR) is useful to determine the nanoparticle surface
composition since the diagnostic stretches for free and coordinated ligand are easily identified and
distinct from one another. As a result, FT-IR spectroscopy is important to verify successful coordination

of the selected ligand to the nanoparticle surface.
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Figure 2.3. Stacked FT-IR spectra. A): a) HL;%2, b) HL;0% and c) HL;%% B): a) Cu@L;%?, b) Cu@L;%? after acetone precipitation,

c) Cu@L;%?%, d) Cu@Ls%?, e) Cu@L;*? after acetone precipitation.

62



Synthesis of Copper based Colloidal Nanoparticles by Organometallic Reactivity

The FT-IR spectra of Cu@L;°? and Cu@L;** are plotted both as crude products and after
precipitation to demonstrate how the product purity was improved (compare spectra Ba with Bb and
spectra Bd with Be in Figure 2.3). Cu@L,®? (n = 1 or 2) and Cu@L;* do not contain stretches associated

with the free carboxylic acid (HL;%2, 3030 cm™ (v O-H), 1705 cm™ (v C=0),

Figure 2.3 Aa; HL,°?, 3127 cm™ (v O-H), 1758/1736 cm™ (v C=0), Figure 2.3 Ab, or
dithiocarboxylic acid (HL;*?, 2490 cm™ (v S-H), 1211 cm™ (v C=S), Figure 2.3 Ac), indicating the carboxylic
and dithiocarboxylic acids are fully converted to Cu-carboxylates. Asymmetric and symmetric stretches
for the coordinated [CO,]” and [CS;]~ moieties were observed at 1421/1410 (VaymCO2) and
1306 (Vsym.COy) cm™ for Cu@L;°* (Figure 2.3 Bb), at 1425 (Vasym COy) and 1408 (vs,m CO,) cm™ for

Cu@L,®? (Figure 2.3 Bc), and 1044/1011 (Vasym CS2) and 847 (Veym CS2’) cm™ for Cu@L>* (Figure 2.3 Be).

The asymmetric and symmetric stretches for metal-coordinated carboxylate ligands typically
range from 1620-1560 and 1440-1310 cm™, respectively. Those for metal-coordinated
dithiocarboxylate ligands from 1140-1020 and 970-815 cm™, respectively.??) Such ranges are

reported for discrete Cu(carboxylate) complexes and may shift upon nanoparticle coordination.
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Figure 2.4. UV-Vis spectra of 0.5 mM toluene solutions of: A) Cu@L;%? and B) Cu@L,®2.

UV-Vis spectroscopy of the red colloidal solutions of Cu@L,®? (n = 1, 2) showed a characteristic

surface plasmon resonance (SPR) characteristic of nanosized Cu(0) centred at 567 nm (Figure 2.4).18
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Figure 2.5. UV-Vis spectrum of a 0.5 mM toluene solution of Cu@L;%.

Solutions of Cu@L;*? in toluene appeared black as opposed to red and the UV-Vis spectrum
displayed plasmon resonance at 586 nm (Figure 2.5). A shift of the plasmon peak to higher wavelength
in the present of an S-containing ligand (thiolate) in comparison to carboxylates has been reported for
Cu(0) nanoparticle before and was attributed to the formation of a strong bond between the sulphur

atom and the copper surface.??

Figure 2.6. Solution of Cu@L;%? (left), representative for Cu nanoparticles coordinated by carboxylates, and Cu@L;*2 (right).

All Cu colloids were found to be stable over several weeks when stored under an N, atmosphere at room
temperature. This contrasts reports by Rohner and co-workers who found Cu nanoparticles stabilised
by an S-containing ligand (i.e. dodecanethiol) to be metastable due to partial conversion to CusS by a—

B-elimination of the ligand.?
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2.2.2  SYNTHESIS AND CHARACTERISATION OF CU,O @L NANOPARTICLES
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Figure 2.7. Formation of Cu,0@L,°? by oxidation of Cu@L,%2 in air at room temperature (n =1 or 2).
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Exposure of colloidal solutions of Cu@L,®? (n =1 or 2) to air, with stirring overnight, at room
temperature, produced a colour change from deep red to yellow green, indicative of oxidation to Cu,0
(Figure 2.7). The Cu,0@L;°* was purified and isolated by precipitation from a toluene solution, whereas
Cu,0@L,°% was isolated by evaporating the toluene solution to dryness. The Cu,O NP colloids were

stable in toluene, at room temperature for weeks.
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Figure 2.8. Powder XRD patterns of a) Cu;0@L;°2 and b) Cu,0@L;°2. The particles were found to be 2.2 and 3.1 nm in size via
a Scherrer analysis. Patterns are indexed against Cu,0 as black vertical bars (JCPDS card no.: 00-002-1067).
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The powder X-ray diffraction patterns confirmed the formation of Cu,0@L,°% (n = 1 or 2)

nanoparticles, with broad diffraction peaks observed at 30° (200), 37° (211), 42°(220), 53° (222),

61° (400) and 74° (332) 2 theta (Figure 2.8). The average particle size of Cu,0@L;°% was 2.4 nm, whereas

that for Cu,0@L,°?was 3.1 nm, as determined using the Scherrer analysis.
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Figure 2.9. XPS spectra of Cu,0@L;°? (blue) and Cu,0@L,°? (black) nanoparticles. A) Survey, B) Cu 2ps/, C) Cu LsMa,sMas D)
O 1s, E) C 1s and F) valence band. Measurements acquired by Dr Anna Regoutz, UCL.
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The composition and oxidation state of Cu,0@L,°? (n = 1 or 2) samples was also confirmed using
X-ray photoelectron spectroscopy (XPS, Figure 2.9). The survey spectra showed the expected signals for
Cu and the ligands (Cu 2p, O 1s and C 1s, Figure 2.9 A).** In addition, samples contained unexpected
lines for Si again and fluorine for Cu,0@L,°%** The Cu 2pss core level peaks arising from Cu(l/0)

©2 also contained small amounts of Cu(ll), as

dominated, however, the XPS spectrum for Cu,0@L;
indicated by a shoulder on the higher binding energy side and Cu(ll) satellites, as seen in similar systems
(Figure 2.9 B).[8%%25 The energy and shape of Cu LsMa,sMas Auger lines commensurate with Cu,0 for
both samples (Figure 2.9 C).*3 The O 1s spectra showed C-O/H, COO and Cu-O environments for both
Cu0@L;%% and Cu,0@L;%?% resulting from the ligand chains, the carboxylates and oxidised Cu,
respectively (Figure 2.9 D). The C 1s spectra contains the peaks for carboxylate (COQ), adventitious
carbon and a C-O/H signal for L,°% (Figure 2.9 E).*”) Finally, the valence band spectra confirmed the Cu
oxidation and chemical states, in which Cu@L,°? undergoes oxidation to Cu,0@L,°% (n =1 or 2) in air
(Figure 2.9 F).

Oxidation of Cu(0) NPs to Cu(l), occurs due to the ultra-small size of the starting Cu(0)
nanoparticles. Although, CuO (monoclinic lattice) is the thermodynamically most stable oxide by copper
under ambient conditions, Cu,0 (face-centred cubic (fcc) lattice) is it at the nanoscale. A simple lattice

expansion caused by oxygen diffusion into the fcc lattice of Cu(0) if preferred over the formation of a

monoclinic lattice.
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Figure 2.10. Superimposed UV-Vis spectra of: A) Cu,0@L;°2 (black) and Cu@L,°? (red), and B) Cu,0@1,°?2 (black) and Cu@L,°2
(red).
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Clean oxidation of Cu@L,*? to Cu,0@L,°% (n = 1 or 2) in air was further confirmed by the
disappearance of the surface plasmon resonance in the resulting UV-Vis spectra (Figure 2.10). Through

construction of Tauc plots from the UV-Vis data, the band gaps for Cu,0@L;°? and Cu,0@L,°* were

found to be 2.1 and 2.4 eV, respectively.
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Figure 2.11. Formation of Cu,0@L,°? from Cu@L,°? using O,.

The oxidation of Cu@L;%? upon exposure to O, was also investigated. Oxygen gas was passed
over a toluene solution of Cu@L;°? for several minutes before sealing the reaction vessel, and stirred

under an O, atmosphere overnight; an immediate colour change from deep red to deep turquoise was

observed Figure 2.11.
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Figure 2.12. Powder XRD patterns of Cu,0@L,°2 oxidised with O5; the average particle size was 3.7 nm from the Scherrer
equation. Patterns are indexed against Cu0 as black vertical bars (JCPDS card no.: 00-002-1067).
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The produced powder X-ray diffraction pattern showed characteristic reflections of Cu,O
nanoparticles at 30° (200), 37° (211), 42° (220), 52° (222), 61° (400), and 74° (332) 2 theta. No CuO was
detected (Figure 2.12). The average particle size was 3.7 nm via the Scherrer equation, which was close

to Cu,0@L,%? produced by air oxidation.
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Figure 2.13. Superimposed UV-Vis spectra of Cu@L,%? (red), Cu,0@L,°? obtained by oxidation of Cu@L,%? in air at room
temperature overnight (black, solid line), Cu,0@L,°2 obtained by oxidation of Cu@L,%2? with O, overnight at room temperature
(black, dotted line).

The UV-Vis spectrum of Cu,0@L,°? (oxidation of Cu@L,°? with O,) showed a weak red-shifted
SPR centred at 623 nm (Figure 2.13, black dotted line). This is in contrast to samples of Cu,0@L,°? that

were oxidised in air (Figure 2.13, black, solid line).
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Figure 2.14. Stacked FT-IR spectra of: A) a) HL;92, b) Cu,0@L;°? oxidised in air, c) Cu,0@L;°? oxidised in air and precipitated
with acetone, d) Cu,0@L;°? oxidised with O, B) a) HL292, b) Cu,0@L,°2 oxidised in air, ¢) Cu,0@L,°2 oxidised with O,.
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No stretches associated with free carboxylic acid were observed in the FT-IR spectra, indicating
the carboxylate ligands [L,°?]” (n = 1 or 2) remained bound to the particle surface in all cases (Figure
2.14). Instead, the resulting FT-IR spectra contained asymmetric and symmetric CO;™ stretches at 1541

and 1429 cm™ for Cu,0@L;°?%, and 1589 and 1409 cm™ for Cu,0@L,°? respectively.

Strong stretches, at 3390 for Cu,0@L;%? and 3462 cm™ for Cu,0@L,%%, were also observed in
the resulting FT-IR spectra, and are diagnostic of O-H stretches associated with either surface
coordinated water or hydroxyl moieties. Given the hydrophilic nature of the [L,°?]"ligand, it is perhaps
not surprising that these stretches are more intense for Cu,0@L.°% than for Cu,0@L;°?, which is

coordinated by the hydrophobic [L;°?]” ligand (Figure 2.14 Ac and Bb).
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Scheme 2.3. General depiction of thermal ligand removal from the surface of Cu,0 nanoparticles.

Cu,0@L,°% (n =1 or 2) was examined by thermal gravimetric analysis (TGA) to: (1) quantify the
amount of ligand coordinated to the nanoparticle surface, and (2) determine the temperature for

complete ligand removal (Figure 2.3).
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Figure 2.15. TGA of Cu,0@L;°? (solid line) and Cu,0@L,°? (dotted line) performed in air.

The data for Cu,0@L;°? (in air, Figure 2.15, solid line) indicated a ~25 weight % mass loss from
125 to 300 °C, which is close to the calculated 20 weight % mass loss calculated for complete loss of
coordinated ligand (10%) and Cu(l)=>Cu(0) reduction (10%). The discrepancy of ~5% may due to
undesired volatile byproducts formed during the synthesis as the sample was not purified by
precipitation from toluene with acetone. The mass increase of ~3 weight % from 300 to 340 °C is
indicative for 30% re-oxidation (10% mass increase expected for complete re-oxidation) of Cu(0) to
Cu,0. The data for Cu,0@L,°? (in air, Figure 2.15, dotted line) was similar, showing an initial mass loss
of ~22 weight % from 120 to 230 °C, corresponding to complete ligand removal (11%) and Cu(l)=>Cu(0)
reduction (10%). The followed mass increase of ~4 weight % from 230 to 260 °C indicated a re-oxidation
of 40% of Cu(0) to Cu,0 since 10% mass increase would be expected for complete re-oxidation.

The lower ligand degradation temperature for Cu,0@L;%? is attributed to the formation of
volatile O-containing degradation byproducts during thermal degradation. It may be advantageous for

future catalytic or optoelectronic applications to produce ‘ligand free’ nanoparticle surfaces.!?®
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The oxidation of Cu@L;* to Cu,0@L;> in air (25°C, overnight) was not successful. Rather,

exposure of Cu@L;** to air in toluene produced a black precipitate (Figure 2.16).
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Figure 2.16. Attempted oxidation of Cu@L;%2 in air.

The precipitate was isolated by centrifugation, washed with toluene, and analysed by pXRD and
FT-IR spectroscopy (Figure 2.17). The powder X-ray diffractogram identified the precipitate as Cu,O.
However, the FT-IR spectrum of the isolated Cu,0 did not contain diagnostic stretches associated with

the coordinated dithiocarboxylate ligand, [L;%]” (vide supra), indicating they were no longer coordinated

to the nanoparticle surface.
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Figure 2.17. A) Powder XRD pattern of isolated precipitate formed when stirring Cu@L;%2 in air overnight. Indexed against Cu,0
as vertical bars (JCPDS card no.: 00-002-1067). B) Stacked FT-IR spectra: a) HL;>2 and b) isolated precipitate.

Therefore, the attempted oxidation of Cu@L;> did not yield colloidal Cu,0 nanoparticles. Given
this, it was hypothesised that the ligand donor group must be compatible with the surface of the
nanoparticles in order to successfully coordinate and provide stable colloidal solutions. To investigate
this ligand chemistry in more detail, a series of carboxylate/dithiocarboxylate ligand exchange reactions

were investigated.
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223 SURFACE LIGAND CHEMISTRY — LIGAND EXCHANGE REACTIVITY
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Figure 2.18. Ligand exchange reactivity on the surface of Cu (1., top) and Cu,0 nanoparticles (2., bottom).

The nanoparticles, Cu@L;°? and Cu,0@L;°% are both coordinated by 0.1 equiv. of [L;°?]". For the
exchange reaction they were treated with 0.1 equiv. HL;%2. On the other hand, Cu@L;*?, coordinated by
0.1 equiv. of [L*?]7, was treated with 0.1 equiv. HL;®2. UV-Vis and FT-IR spectroscopy were used to
evaluate the extent of ligand exchange (Figure 2.18). For clarification, the amount of ligand present or
expected to be present on the nanoparticle’s surface will be given as a subscript in this subsection of
the chapter. For example, a Cu nanoparticle coordinated by 0.1 equiv. of [L;°?]" will be labelled as

CU@(L102)0_1.
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Figure 2.19. A) Superimposed UV-Vis spectra of Cu@(L*?)o1 (X =0 or S), Cu@(L;°?)o.1 + 0.1 equiv. HL;%? and Cu@(L°%)o1 + 0.1

equiv. HL;%2 B) Stacked FT-IR spectra of a) Cu@(L:%2)o1, b) Cu@(L:$?)o1, c) Cu@(L:52)o1+ 0.1equiv. HL;Z
d) Cu@(L;%%)01 + 0.1 equiv. HL;%2.
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A toluene solution of Cu@(L;*%)o1 was treated with 0.1 equiv. of HL;%2. The solution remained
black in colour, consistent with retention of Cu@(L;**)o1 with no ligand exchange occurring. The FT-IR
spectrum of the product (Figure 2.19, Bc) showed stretches consistent with both Cu@(L1°%)o.1 (Vasym.CS2°
1044, 1011 cm™, Figure 2.19, Bb) and Cu@(L:°?)01 (VasymCO2 1421,1410 cm™?, Figure 2.19, Ba), and free
HL;®? (v C=0 1705 cm™). However, free HL;% (v C=S 1211 cm™) was not observed. Stretches associated
with the CS,” moiety of a surface-coordinated dithiocarboxylate ligand were still observable by FT-IR
(VeymCS2™ 847 cm™). Additionally, stretches at 1461 and 1378 cm™ were present, which have been

detected for Cu@(L;%)o1 before. These data indicate a mixed ligand surface speciation.

The reverse reaction was also examined, that is the addition of 0.1 equiv. of HL;>? to a solution
of Cu@(L;°%)o1 in toluene. Upon the addition of the dithiocarboxylic acid, an immediate colour change
from deep red to black was observed, characteristic of the formation of Cu@(L;*?)o.1. The resulting UV-
Vis spectrum showed a clear red-shift of the SPR from 567 nm to 582 nm, in agreement with the
formation of Cu@(Ls**)o1 (588 nm; Figure 2.19, A). Free HL;%? (v C=0 1705 cm™) was observed in the
resulting FT-IR spectrum (Figure 2.19, Bd). The spectrum also showed, asymmetric stretches associated
with Cu@(L;°?)o.1 (VasymCO2 1421,1410 cm™, Figure 2.19, Ba) and stretches at 1461 and 1378 cm™.

However, stretches for free HL:> or coordinated CS;” moieties were not observed.

Based on these results, the addition of HL;** to Cu@(L;°%)o.1, and HL;%? to Cu@(L:**)o.1 most likely
provides nanoparticles coordinated by both ligands. One plausible explanation is that 0.1 equiv. of ligand
loading is not enough to fully saturate the nanoparticle surface. Nevertheless, the presence of free
carboxylic acid, HL;%%, in combination with the persistence of a black solution for Cu@(L;*)o.1 indicates
that the S-containing dithiocarboxylate ligand probably binds more strongly to the Cu(0) nanoparticle

surface than the O-containing carboxylate ligand.

This observation was found to be in line with various inorganic chemistry theories: According to
Kepp, who recently proposed the terms ‘oxo” and ‘thiophilicity’ to predict a metals character, classified

copper as more ‘thiophilic’ ($=0.8) than oxophilic (& =0.2), thus a preferential binding of a S-ligand
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over an O-ligand is expected.’?”’ Moreover, Cu(0) is classificate as a ‘soft’ metal according to the HSAB
theory and, therefore should prefer the softer S-ligand coordinated on its surface.l?® Lastly, replacement
of [L:*2]” by HL;°? would have been surprising as protonation of the stronger acid HL;*? (pK,= 2.59) by

the weaker acid HL;%% (pK.= 4.96) is rather unlikely.!2%2"!
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Figure 2.20. A) UV-Vis spectrum of Cu@(Ls32)o1 + 0.5 equiv. HL;92. B) Stacked FT-IR spectra of: a) Cu@(Ls%2)o.1 + 0.1 equiv.
HL;%2 and b) Cu@(L3?)o.1 + 0.5 equiv. HL;92.
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To further probe the influence of ligand loading, excess HL;°? (0.5 equiv.) was added to
Cu@(L:*)o.1. The resulting solution remained black in colour but the UV-Vis spectrum did not give rise
to a SPR at 567 nm (Figure 2.20 A). The FT-IR spectrum contained stretches associated with both
Cu@(L*?)o1 and Cu@(L;°%)os1 along with free HL;%% (Figure 2.20, Bb). The stretch associated with
coordinated [L;*’]” was also observable and thus the FT-IR spectrum was in good agreement with that
of Cu@(L*¥)o1 + 0.1 equiv. HL;°? (Figure 2.20, Ba). This experiment further confirms, that
dithiocarboxylate coordination to Cu(0) is favoured, since even excess HL;°? does not fully replace

coordinated [L:*%]".

Next, ligand exchange reactivity on Cu,0@(L:°%)o1 nanoparticles was explored. As
Cu0@(L;*%)01 could not be isolated, the addition of the S-containing dithiocarboxylic acid (HL:*?) to

Cu0@(L;%%)0.1 was not expected to displace any of the O-containing carboxylate ligand.

1541 1429
(COZ)-asym. (COZ)-sym,

Transmittance [%]

1096, 1027 802
(CS,) (CS,)

asym. sym.

1589

I ! I ! I ! I ! I ! I ! I
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Figure 2.21. FT-IR spectra of Cu,0@(L1°%)01 (top) and Cu,0@(L1°%)o1 + 0.1 equiv. HL;*? (bottom).
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A toluene solution of Cu,0@(L;%%)o1 was treated with 0.1 equiv. of HL;*2. The resulting FT-IR
spectrum (Figure 2.21, bottom) showed stretches associated with surface coordinated carboxylate
ligand in a bidentate fashion mode (1541 and 1429 cm™). No stretches associated with free carboxylic
acid (1705 cm™) were detected, indicating that ligand exchange did not occur. Curiously, stretches
associated with free HL;** (1211 cm® for free C=S) were also absent, which may again, indicate that
particle surfaces were not saturated and can accommodate the excess ligand. Additional stretches at
1096, 1027 and 802 cm™* may represent asymmetric and symmetric CS,™ stretches for coordinated [L5*%]"
ligand. The new sharp stretch at 1589 cm™ might account for carboxylate ligands that changed their
coordination mode from bidentate to monodentate upon an increased ligand coverage on the particle

surface.

Therefore, this experiment is inconclusive with respect to whether there is an increased
propensity for coordination of O-containing carboxylate ligands on Cu;O over S-containing
dithiocarboxylate ligands. However, the fact that Cu,0@(L;*?)o1 could not be isolated in carboxylate

ligand exchange suggests that O-containing ligands are preferentially coordinated at the Cu,0 surface.

Rationalisation of the ligand preferences on Cu,0 was difficult as the ‘oxo-" or ‘thiophilic’ model
by Kepp is not accounted to metal oxides and Cu(l) is according to the HSAB concept still classified as a
‘soft’” metal.”®! However, the preferential binding of the O-containing ligand onto the surface of the
Cu,0 nanoparticle may derive from the ionic lattice character in Cu;0, making the Cu(l) sites ‘harder’

and thus preferentially coordinated by the harder ligand [L;%?]".
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2.2.4  SOLUBILITY TESTING

A potential application for colloidal solutions of Cu,0@L,°? (n = 1 or 2) nanoparticles would be

as inks for the deposition of thin films. As such, knowledge regarding their solubility in a range of solvents

is important.
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Figure 2.22. Solubility of Cu,0 nanoparticles coordinated by 0.1 equiv. L,%2 (n = 1 or 2) in various organic solvents [g/mL].

The solubility of the nanoparticles was assessed by re-dissolving dried Cu,0@L,°% (n =1 or 2) in
solvents with increasing polarity. The re-dispersed colloidal Cu,O@L;°% nanoparticles show only low
solubility, with maximum solubilities of 2.3, 3.2, 0 and 0 mg/mL in toluene, THF, acetone, and methanol,
respectively. On the other hand, colloidal Cu,0@L,°% nanoparticles exhibit maximum solubilities of 200,

27,38 and 34 mg/mL in the same solvents (Figure 2.22).
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Figure 2.23. Powder X-ray diffraction of Cu,O nanoparticles. A) Cu;0@L;°? (top) and Cu,0@L;°? (bottom) from THF, B)
Cu,0@L,°2 from acetone, and C) Cu,0@L;°? from methanol. Indexed against Cu,0 as vertical bars (JCPDS card no.: 00-002-

1067).

To establish the stability of the ‘inks’ the properties of the Cu,0 NPs before and after solvent
addition were tested. The Cu,O NP phase is preserved in THF and acetone, as demonstrated in Figure
2.23. However, for methanol, additional reflections at low 2 theta [°] are observed, perhaps indicating

the formation of a layered material.

The solubility tests indicate that the polyether ligand show significantly greater solubility to the

resulting nanoparticles, which form stable colloidal solutions in both polar and non-polar solvents.

82



Synthesis of Copper based Colloidal Nanoparticles by Organometallic Reactivity

2.2.5 PRELIMINARY PROGRESS IN CATALYTIC APPLICATIONS USING CU AND CU,0 NPs

Using abundant CO; as a carbon feedstock has gained significant attention over the past years.B%
However, CO; is very stable due to strong C=0 bonds (C=0 bonding energy; 127 kcal-mol?), therefore
energy in the form of thermochemical, electrochemical, or photochemical, is required for its catalytic
transformation.’®? Copper based materials such as metallic copper (Cu), or cuprous oxide (Cu,0) could
be inexpensive, and low toxicity catalysts for the hydrogenation of CO; into chemicals and fuels (see

introduction, chapter 1).[%33!

In this regard, collaborations with other research groups have been initiated to test the Cu@L,%?
and Cu,0@L,°? (n =1, 2) nanoparticles as catalysts for the hydrogenation of CO,. In the following

section, an overview of the preliminary catalytic results are provided.

2.2.5.1 Photocatalytic testing of Cu,O

= S ® 2
g 7z co
2l "crp A 0,/CO -3.93 2 I cH
e ce : CO,/CH,0H  -4.05 5 Z N
% : CO,/CH -4.20 = /
L <
: 24 /
g [e]
c € /
S 3
| G = /
w ) /
5 27 / 4
Nanoparticle 8 / //
E(pH7) 14
Product Half-reaction [eV vs vac.] / /
Carbon monoxide CO, + 2H* + 2¢0 —>= CO + H,0 -3.93 04
Methanol ~ CO, + 6H* + 6e —> H;C-OH + H,0 -4.05 P25 TiO, cuy0@1,°? Cu,0 (annealed)
Methane CO, + 8H* + 8e¢ —> CH, + 2H,0 -4.20

Material

Scheme 2.4. Simplified formation of electrons (—) and holes (+) via photonic excitation (sun) of a nanoparticle (oval, grey). Table
showing products and half-cell redox potential (E) that occurs during CO; reduction at pH 7. Picture of reaction cell used for
photocatalytic testing under irradiation (left). Preliminary results for photocatalytic testing of Cu,0@L,°2 and Cu,O
nanoparticles in comparison to standard P25 TiO,. Data collected by Floriana Moruzzi, Dr Ludmilla Steier Group (right).

The narrow band gap of for Cu,0@L,°? (~2 eV, n = 1 or 2) is compatible with light harvesting
across the visible spectrum (Scheme 2.4). Therefore, the Cu,0 nanoparticles may be photocatalysts for

the hydrogenation of CO,.
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In collaboration with the research group of Dr Ludmilla Steier at the University of Oxford, a gas
phase photoreactor with a reactant gas consisting of CO,:H; in a 1:3 ratio was used for testing thin films
of Cu,0@L,°? for photocatalytic CO, reduction. In the first experiment a 36 mM toluene solution of
Cu,0@L,°* was drop casted onto a pre-weighted glass slide and dried in air; the process was repeated
until 2 mg of dried nanoparticles were on the glass slide. The catalytic activity of the sample was tested
in the gas reactor and the products formed were analysed using gas chromatography. In another test
run, the deposited Cu,0@L,°% nanoparticles were annealed on the glass slide for 30 minutes at 150 °C
prior to catalytic testing. The annealing was conducted to remove the ligands according to the TGA

experiments for Cu,0@L,%%.

In both cases, the Cu,O nanoparticles were found to be photocatalytically active (Scheme 2.4,
right), evidenced by negligible CO, reduction during dark runs (data not shown). To our surprise, there
was no improvement in catalytic activity following ligand removal. In fact, the amount of CO and
methane formed during CO; reduction was less for the ligand-free annealed sample. In comparison to
the TiO, standard, the performance of the Cu,O nanoparticles were significantly better in the initial

result. Therefore, it is worth conducting further investigations in the future using these nanoparticles.

2.2.5.2  Cu;0 as co-catalysts for organic based photocatalysts

o S oy
Vg b
‘ B * ~o
1
WA e,
Single semi-conductor (p(!Bu)TA-Ph) Reduction Co-catalyst

Scheme 2.5. Using Cu,0 NPs as co-catalysts in photocatalytic organic single semi-conducting polymers, such as p(‘Bu)TA-Ph
(band gap 2.72 eV with HOMO at -5.64 eV and LUMO at -2.92 eV).

Another option is to decouple the photon absorption from the catalytic reduction. To achieve this

a nanocomposite of a conjugated polymer (absorber) and Cu,O (co-catalyst) were targeted. Dissolving
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the organic single semi-conductor, p(‘Bu)TA-PH, in a solvent and adding a colloidal solution of

Cu,0@L,°* was considered as a synthesis strategy (Scheme 2.5).
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Figure 2.24. Powder X-ray diffractogram of Cu,O@L,°2 NPs synthesised in chlorobenzene (left). Rate of CO in mols/h produced
during the photocatalytic reduction of CO, with Cu,0@L,°%, p(*Bu)TA-Ph or p(‘Bu)TA-Ph + Cu,O@L,%? as catalysts. Data
collected by Floriana Moruzzi, Steier Group (left).

First, a common solvent had to be found for both the polymer and the organometallic synthesis
of Cu,O nanoparticles. Chlorobenzene was identified to fulfil both requirements. Cu,0@L,%?
nanoparticles were successfully synthesised in chlorobenzene with a particle size of 4 nm (Figure 2.24,
left). Mixing of the polymer, p(‘Bu)TA-Ph, with 5 wt% [Cu] in form of Cu,0@L,°? yielded a dark film after
drop casting the mixture onto a glass slide and drying it in air. For comparison, another two glass slides
were prepared of which one contained the same amount of p(‘Bu)TA-Ph polymer only and the other
one Cu,0@L,°% NPs. Photocatalytic testing was carried out in the gas phase reactor with a 3:1 ratio of
H, to CO; gas feed and the products formed were analysed using gas chromatography.

While preliminary results showed both, Cu,0@L,%? and p(‘Bu)TA-Ph, are able to reduce CO, to

CO, the nanocomposite demonstrated superior performance (Figure 2.24, right).
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2.2.5.3  Cu;0 supported SWCNT for electrocatalytic testing

) O\YRZ
1 Na 0
—0
L 290
2. |—©—| Cross linked, transparent, 07 "R,
SWCNT films Cu,0@L,%* - H,

R Cu(0)-SWCNT
» Glass slide Glass slide nanocomposite

3. Drop cast onto glass slide Drop cast onto glass slide €u,0-SWCNT nanocomposite Peel off glass slide

Scheme 2.6. Proposed and investigated synthesis strategy to Cu,O-SWCNT nanocomposite.

The formation of a Cu,0-SWCNT (single walled carbon nanotube) nanocomposite material was
investigated in collaboration with Prof. Milo Shaffer’s research group at Imperial College London for
electrocatalysis (Figure 2.6). The carbon-based material might obviate deposition on electrodes and may

increase conductivity and electron localisation at the catalytic sites.

The cross linked, transparent SWCNT film was prepared according to a literature protocol by
David M. Stringer at Imperial College of London.®* Drop casting of a 36 MM toluene solution of
Cu,0@L,%* onto the cross linked SWCNT yielded a black film, which was peeled off the glass slide prior

to further analysis.
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Intensity [a.u.]

20 40 60 80

Figure 2.25. A) Powder X-ray diffractogram of a Cu,0@L,°? infused SWCNT nanocomposite. Patterns are indexed against Cu,0
as black vertical bars (JCPDS card no.: 00-002-1067). SEM pictures of: B) the surface of the SWCNT infused by the Cu,0@1;°?
nanoparticles, and C) inside the SWCNT infused by the Cu,0@L,°2 nanoparticles. The SEM data was collected by David
M. Stringer (Imperial College London).

Characterisation of the Cu,0-SWCNT nanocomposite by powder X-ray diffraction showed that
the phase of Cu,O was preserved under the applied conditions (Figure 2.25, A). However, the particle
size was calculated to be 7 nm, using Scherrer equation, which is larger than the ~3 nm particles of the
original ink solution, suggesting agglomeration of the nanoparticles.

SEM analysis of the surface and inside the SWCNT showed the Cu,O nanoparticles as evenly
distributed ‘bright’ spots within the SWCNT matrix (Figure 2.25, B and C) but some of the particles
appear to be agglomerated to larger particles.

These initial results are promising and provide proof-of-concept over the production of Cu,0-

SWCNT nanocomposite. Electrocatalytic testing should be investigated in the future.
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2.3  SUMMARY AND CONCLUSIONS

Ultra-small (~4 nm) stable colloidal Cu(0) nanoparticles were synthesised from an organometallic
Cu(l) precursor, CuMes, with substochiometric amounts (0.1 equiv. with regards to [Cu]) of of various
carboxylic acid and thiocarboxylic acid coordinating ligands. The ligands form colloidal solutions of Cu(0)

nanoparticles that were stable in solutions for several weeks under N..

The nanoparticle ligand and compatibility was probed via a series of ligand exchange reactions.
The addition of HL;> to Cu@L;°? or HL;°% to Cu@L;> resulted in similar products as determined using
UV-Vis and FT-IR spectra. The data indicate that the nanoparticles were not fully ligand saturated with
0.1 equiv. ligand, allowing the coordination of further ligand onto the surface. Nonetheless, the data

also indicate that Cu(0) NPs preferentially coordinate S-ligands.

Colloidal Cu,0 nanoparticles were prepared by exposure of Cu@L,°?> (n=1or2and X=0orS) to
air. When oxygen-containing carboxylate ligands were deployed, a stable colloidal solution of Cu,0 was
provided. However, the sulphur-containing dithiocarboxylate ligand, was not capable of stabilising
colloidal Cu,0. These findings indicate that carboxylate-containing ligands are better suited to the

surface of Cu,0 nanoparticles.

An important overall conclusion is that the chemistry of the ligand should be ‘matched’ to the

nanoparticle surface to maximise stability and access colloidal solutions.

In terms of thermal ligand removal, the polyether-containing carboxylate ligand, [L,°%]", was
removed at lower temperatures than the alkyl-containing carboxylate ligand, as evidenced by an onset
degradation temperature of 150 °C for Cu,0@L,°? in comparison to 220 °C for Cu,0@L;°?.

Though, ligand removal may not be necessary for the photocatalytic CO, reduction, as the
“naked” Cu,0 nanoparticles showed in preliminary results a lower catalytic activity in comparison to

CUzO@LzOZ.
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The new Cu,0 nanoparticles, capped by a polyether-containing carboxylate ligand possess
higher solubility in common organic solvents than those coordinated by an alkyl-containing carboxylate

ligand. They are highly soluble in toluene, THF, acetone and methanol.

This work has initiated a long-term programme aimed to discovery of the most effective ligands.
Currently, ligand selection appears to be largely empirical/trial and error based. For future investigations

the goal should be to understand the parameters influencing stability.
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Hydrotalcite-like Materials from Organometallics

3 HYDROTALCITE-LIKE MATERIALS FROM ORGANOMETALLICS

3.1 BACKGROUND AND SCOPE

With increasing interest in 2D nanoplatelets, our group has designed a new bottom-up synthetic
approach to make exfoliated nano-sheets of LZH, incorporating a range of carboxylates (L,°%) bound to

the surface (Scheme 3.1).1+?

L%

2+ :
n7] . znoeL,®?
(i) 5B )s .
Znkt, + Zn(L,%%), —— + LZHL,
ZnEt, Layered
Free metal precursors Zinc cluster [L 0] Zinc
i e e b= Hydroxide
[Zn“7]
»~ Monolayers

Scheme 3.1. Synthesis of ZnO@L,%2 and LZH@L,°? nanoplatelets via an organometallic approach; (i) Toluene, 25 °C, 16 h, (ii)
H,0, 25 °C, 3 h.12

The inspiration for this synthesis is derived from the discovery that the hydrolysis of a mixture
of diethyl zinc and a non-hydrolysable zinc carboxylate afforded colloidal dispersions of carboxylate
capped ZnO nanoparticles. At certain zinc:ligand ratios another phase was identified which was
subsequently shown to be the LZH. Although the detailed mechanism for the formation of these
nanomaterials isn’t fully understood, it is proposed that the hydrolysable Zn-alkyl groups, present on
both dialkyl zinc and heteroleptic zinc complexes comprising ethyl and carboxylate ligands, react with
water, forming Zn-OH species. A series of condensation and rearrangement reactions must occur to
finally deliver crystalline ZnO nanoparticles coordinated by carboxylate ligands. The layered hydroxide
species were considered to be intermediates of the nucleation and growth process of ZnO. Initial results

showed that the quantity of the LZH by-product increased with increased quantities of zinc carboxylate

91



Hydrotalcite-like Materials from Organometallics

(or carboxylic acid precursor) added to the reaction. Therefore, a sufficient quantity of carboxylate

ligands was expected to allow for the exclusive synthesis of layered zinc hydroxides.*

The synthesis of LZH materials entailed the controlled hydrolysis of diethylzinc with
bis(carboxylate)zinc in toluene ([Zn] = 0.15 M). The carboxylate loading is defined as the ratio of the
total amount of carboxylate [COOR] relative to the total amount of zinc [Zn]. From the chemical formula
for LZH, [Zns(OH)s(A)2-nH,0], a molar ratio of [COOR]/[Zn] = 0.4 would be expected to be effective for
forming pure LZH. However, ZnO Wurzite nanoparticles were detected in the powder XRD analysis as a
side product at a carboxylate loading ratio lower than 0.6. IR spectroscopy, TGA and elemental analysis
suggested that the excess carboxylate ligands were present as bis(carboxylate)zinc located between the
nanoplatelets layers but that the excess was required to suppress over-hydrolysis of the LZH to the
oxide. The LZH synthesised at the optimal ratio of [COOR]/[Zn] = 0.6 gave rise to a phase which was
mostly LZH with ~6.4 wt.% ZnO, as determined by UV-Vis spectroscopy. In comparison to other literature

routes to LZH, the amount of ZnO impurity is significantly smaller.™?!

In addition, the controlled hydrolysis of organozinc species directly affords exfoliated solutions
of layered zinc hydroxide monolayers. In contrast, other syntheses yield aggregates which need to be
subjected to physically aggressive exfoliation treatments. The LZH exfoliated nanosheets were
characterized by TEM and AFM analysis both of which confirmed the existence of exfoliated monolayers

(=3.6 nm x ~24 nm for LZH-L3%% with L3°% = C1gH330; = oleate).!**

In-situ *H NMR spectroscopy of LZH-L3°% was applied to study the formation of LZH monolayers.
The data suggested the hydrolysis of Zn-C bonds from ZnEt; first, followed by the hydrolysis of Zn-ethyl
species in the pentanuclear zinc cluster [Zns(Et)4(L3%%)s] (Scheme 3.1). Finally, the formation of LZH is

stabilised by the carboxylate ligands.!*?

In general, 2D layered zinc hydroxide nanoplatelets of high purity were synthesised directly via
a simple hydrolysis of organo-zinc precursors, at room temperature. As the synthesis is carried out

under a nitrogen atmosphere the formation of strongly coordinating carbonate contaminations
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between the layers from reactions with atmospheric CO, is prevented, therefore exfoliation into
nanosheets is facilitated. Moreover, the organometallic route was later extended to include carboxylic
acids bearing ethylene glycol alkyl ether substituents, an alkyl substituent featuring a terminal alkene or
a fluorescent anthracene substituent.” The metal cation(s) compositional tunability of layered
materials is known but the generality of this unique organometallic approach has yet to be investigated

and was therefore subject of this work.

The focus of this chapter is to investigate the synthesis of a metal doped layered zinc hydroxide.
Specifically, a layered Cu/Zn/Al-based catalyst for methanol generation from CO,, was proposed.
Inspired by the commercially applied catalyst (Cu/ZnO/Al,0s3), we targeted the synthesis of a CuZnAl
LDH. The objective was to try to expand the synthetic method used to make LZH so as to generate the
doped material and to use it to make small and stable colloidal metal oxide nanoparticles. It was
hypothesized that this method might result in high Cu surface area; which is commonly attributed to

high activity in CO, hydrogenation catalysis.

The controlled hydrolysis of ZnEt, in the presence of a carboxylic acid at a loading of
[COOR]/[Zn] = 0.6 resulted in the formation of exfoliated LZH of high purity (Scheme 3.1).™ Building on
this method, the organometallic route was targeted with the addition of a suitable aluminium and
copper organometallic reagents was investigated as a route to provide CuZnAl htl-like monolayers.
Triethylaluminium (AlEts) and mesitylcopper (CuMes) were chosen as suitable precursors because they
are commercially available and they generate volatile, yet inert hydrocarbons, upon hydrolysis that can
be easily removed, and they have been used previously to make aluminium and/or copper doped

colloidal ZnO nanoparticles, following a related organometallic hydrolysis approach.!*

One aspect worth highlighting is that the introduction of Cu(l) doping has not been reported in
CuZnAl LDH materials. This is most likely because conventional co-precipitation strategies are conducted
under air, thus restricting results to Cu(ll) species. However, the use of Schlenk techniques may allow

for investigation of the potential to make LDH materials containing Cu(l).
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Generally, CuZnAl hydrotalcite-like (htl-like) catalyst precursors for CO, hydrogenation are
worth exploration since it is generally accepted that the choice of catalyst precursor and its pre-
treatment strongly influence the catalysis. Several authors have reported that both Cu(l) and Cu(0)
centres are required for successful hydrogenation of CO, to methanol.® Conventional H; activation of
Cu(Il)-based precursors affords mixtures of a Cu(l) and Cu(0), with Cu(l) as a minor component.
However, Gao et al. showed that an increased ratio of active Cu(l)/Cu(0) is advantageous for catalytic

selectivity.! Therefore, having Cu(l) as the only active species within the catalyst is an important target.

Lastly, the organometallic approach could be useful from a materials perspective because Cu(ll)
doping usually destabilises the layered zinc material due to its Jahn-Teller distortion. This is not expected
for Cu(l) as it is a d*® metal. Moreover, Cu(l) and Zn(ll) are isovalent, therefore phase-pure copper-rich

monolayers of CuZnAl LDH materials might be feasible if the synthesis can be appropriately conducted.

This chapter aims to expand the organometallic synthetic approach. The first target would be
AlZn LDH, followed by the incorporation of Cu(m) (m =1 or Il) as a third component in the metal layers

to yield Cu™ZnAl htl-like structures.
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3.2 RESULTS AND DISCUSSION

3.2.1  SYNTHESISE OF CUZNAL LDH MATERIALS FROM ORGANOMETALLIC PRECURSORS
Expanding the organometallic synthetic protocol of LZH to LDH materials was investigated
stepwise. The synthesis of ZnAl LDH was targeted first, followed by expanding the protocol to CuzZnAl

htl-like structures containing Cu(m) (with m =l or II).

3.2.1.1 Attempted Synthesis of ZnAl LDH Materials

ZnAl LDH with Zn:Al ratio of 3:1 are well characterised and studied in literature. The reported
organometallic approach to LZHs was modified accordingly by exchanging 25 % of the zinc precursor,
ZnEt,, for AlEts.

(i) [L,%%]

ZnEt. + AIEt, + HL,°2 — > ZnAl LDH-L,®% + C,H — =~ =0.25,0.3,0.35,0.4,0.6
nEty 3 4 i) 4 72T [Zn]+[Al]

(0]
I-402 = ‘O)J\/O\/\o/

Scheme 3.2. Reaction conditions tested for the synthesis of 3:1 ZnAl LDHs intercalated by 2-(2-methoxyethoxy)acetate ([L4°2]").
(i) Toluene, 25 °C, 16 h, (i) H,0, 25 °C, 3 h.

ZnEt, and AlEts were mixed with 2-(2-methoxyethoxy)acetic acid (HLs°?) in toluene at 25 °C.
Different ligand loadings of [Ls°%]/([Zn]+[Al]) = 0.25, 0.30, 0.35, 0.40 and 0.60 were probed to find the
optimised carboxylate loading necessary for the formation of LDH. HPLC-grade water was added directly
to the reaction mixture after 16 h, and all volatiles were removed after 3 h, yielding colourless powders
for all loadings. The samples were characterised using FT-IR spectroscopy and powder X-ray diffraction

(XRD).
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Figure 3.1. FT-IR spectra (A) and powder X-ray diffraction patterns (B) of isolated powders from attempts to synthesise
ZnAl LDH-1492 X with a ligand loading X [L4®2]/([Zn]+[Al]) of a) 0.25, b) 0.3, c) 0.35, d) 0.4, e) 0.6, f) reference LZH-14°2
synthesised according to Ref.[?l and g) 2-(2-methoxyethoxy)acetic acid (HL402).
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The FT-IR spectra with different ligand loadings are similar and consistent with that observed
for LZH-L,°2. The broad stretch at 3430 cm is assigned to either the hydroxyl groups (~OH) in the
layered materials, water intercalated between the metal layers or coordinated water on the sample’s
surface. The stretch at 2880 cm™is assigned to the methylene groups (—CH,—) of the ether chain. The
absence of a stretching band at 1735 cm™ for free carboxylic acid, and the presence of characteristic
asymmetric and symmetric stretches for the carboxylate groups at 1590 c¢cm? and 1420 cm?,

respectively, indicates coordination of HL,%? as carboxylate [Ls°?]” onto the metals (Figure 3.1).

However, analysis by powder X-ray diffraction did not confirm the successful formation of
ZnAl LDH-L4%? as no sharp reflections at low 20, indicative for layered materials, were detected. Also,
pXRD did not provide any evidence that LZH-L,°* had formed. All patterns showed a single broad
diffraction peak spanning from ~3 to 6°, along with the minor broad reflections at higher 28. This may
either be due to very small layered particles causing very broad reflections in the diffractogram, or that

the isolated materials are either amorphous themselves or contain majorly amorphous phases.

Thermal or solvothermal treatments are often deployed to grow nanomaterials in order to
convert an amorphous slurry into individual crystalline particles.”’ Since the FT-IR spectra showed
promising stretches associated with the carboxylate ligands, several ripening conditions were applied

to the crude powder synthesised with a ligand loading of 0.6 (ZnAl LDH-L,°%_0.6).
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Figure 3.2. Powder X-ray diffraction pattern for ZnAl LDH-L,°2_0.6 a) 1 day after synthesis, b) after thermal ripening at 500 °C
for 1 h, c) after solvothermal treatment in an autoclave with ethanol at 100 °C for 23 h, d) solvothermal treatment in toluene
at 33 °C, e) at 73 °C, and f) at 93 °C. Reference bars: ZnO (JCPDS card no.: 00-001-1136). Reflections marked with * are not
defined impurities.

Ripening the powder for 1 hour at 500 °C yielded ZnO nanoparticles only (Figure 3.2, b). Next,
ZnAl LDH-L,°% 0.6 was dispersed in ethanol (0.5 mg/mL) via vigorous stirring at room temperature for
23 h. The suspension was then placed in an autoclave for solvothermal treatment at 100 °C for 24 h.
The clear supernatant in the autoclave was decanted and the white precipitate was re-suspended in
fresh ethanol, followed by centrifugation. The isolated white precipitate was dried under reduced
pressure and powder X-ray diffraction analysis showed that ZnO had been synthesised exclusively
(Figure 3.2, c). Since LZH-L4,°% converts to ZnO at temperatures >40 °C, it seemed reasonable to test
ripening under lower temperature conditions as layered double hydroxides might only be accessed as
the kinetic products as well.”) Therefore, the sample of ZnAl LDH-L,°? 0.6 was suspended in toluene
(4.3 g/mL) and heated to 33 °C, 73 °C or 93 °C for 21 h. After the samples were dried under reduced
pressure, powder X-ray diffraction analysis was performed, which revealed the exclusive formation of

Zn0O (Figure 3.2, d,e,f). This result was unexpected given that the reaction mixture for the synthesis of
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LDH contained AlEts, but can only mean that amorphous Al-containing species (probably Al,0s), formed

in separate phases to ZnO.

—70.84
—37.26
8.65

130 120 110 100 90 8 70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50
Chemical Shift (ppm)

Figure 3.3. 27Al-MAS-NMR spectrum of a sample ZnAl LDH-L,%%_0.6; this experiment was performed by Dr. Nick Rees.

Analysing the ZnAl LDH-L,°2_0.6 by #Al solid-state MAS NMR spectroscopy (spectra recorded
by Dr. Nick Rees) verified this hypothesis. The recorded spectra (Figure 3.3) shows three resonances
with chemical shifts of 8.65, 37.26 and 70.84 ppm, which were assigned to hexa-coordinated Al (5 %4
= 8.65 ppm), penta-coordinated Al (6 %’ = 37.26 ppm), and tetra-coordinated A" (§ ?’x = 70.84 ppm)

sites by comparison with literature data for Al,05.[102
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Figure 3.4. SEM image of ZnAl LDH-Ls%? showing the amorphous and crystalline morphology of the sample; inset = the FFT
(fast fourier transform) pattern of the image.

Further evidence for the formation of an amorphous Al species was provided by scanning
electron microscopy (SEM), where a mixture of amorphous and crystalline phases were observed (Figure

3.4).

—>> ZnAl LDH-L,%?

(i)
ZnEt, + AlEt; + HL®? — O. _R Os R,
y A 4 N
) \O( ‘;O(
o * 0
/”\ J\
6] R, 6] R4
Zno@L,°? Al,O,@L,%?

Figure 3.5. The reaction mixture of ZnEt,, AlEt; and HL4®? were found to form a mixture of very small crystalline particles of
ZnO@L4°2 NPs alongside amorphous Al,Os@L4°2. The synthesis of ZnAl LDH-L4°% was not achieved. (i) Toluene, 25 °C, 16 h, (ii)
H,0, 25 °C, 3 h. HL,°? = 2-(2-methoxyethoxy)acetic acid and L,°2 = 2-(2-methoxyethoxy)acetate.

The combined data indicate that the organometallic hydrolysis yields small ZnO@L,°?
nanoparticles and amorphous ALOs@L4°% when a mixture of ZnEt,, AlEtzand HLs% is hydrolysed under
an inert atmosphere. It was hypothesised that the desired layered double hydroxides might have been
formed as a pre-phase of the oxide nanoparticles, it’s just that the two separate phases are more stable

than LDH under the applied reaction conditions (Figure 3.5).
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3.2.1.2 Attempted Synthesis of Cu(l) doped Layered Zinc Hydroxides

As outlined above, the organometallic route to ZnAlLDH materials was not successful.
Consequently, the stepwise doping of ZnAl LDH materials with copper was also unfeasible. To tackle this

problem, copper doped LZHs were targeted as precursors to CO; reduction catalysts.

Cu
Ly ooy |
1. (i) N [ Segy !
or + zn(L,%?), + Zn(R ), —— Cu™ LZH-L 02 | = .
( n )2 ( n)2 2 .o X n 'l [Zn]+[Cu] :
Cu(L,%?),
Cu(l) or Cu(ll) Ligand Zinc
precursor precursor precursor
0 Rl = :H{\

el
w
1
/\IIV‘
1}

Mes

X
BN
]
-
[

Scheme 3.3. Overview of the synthetic routes to Cu(l) or Cu(ll) doped LZHs (Cu™LZH-R, with m =1 or ll). (i) Toluene, room
temperature, overnight (ii) H,O, room temperature, overnight.

The proposed routes involve substituting x mol% of ZnEt; for a Cu(l) precursor, or substituting x

mol% of the zinc precursor, Zn(L,%%),, for a Cu(ll) carboxylate precursor (Scheme 3.3).
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3.2.1.2.1. Znand Cu Catalyst Precursor Syntheses

(i) (ii)

Br ——— MgBr

Cu

n=25

Scheme 3.4. Synthesis of CuMes from mesitylbromide. (i) Mg, Tetrahydrofuran, room temperature, 4 h; (ii) CuCl,
Tetrahydrofuran, —20 °C — room temperature. Modified from Ref.[13!

Mesitylcopper (CuMes) was selected as a suitable Cu(l) precursor because an inert yet volatile
byproduct, mesitylene, is generated upon hydrolysis, which can be removed under reduced pressure. It
was synthesised from CuCl and mesitylmagnesium bromide according to the literature procedure, and
was isolated as orange crystals in 57% yield after recrystallisation from toluene at =35 °C.*3 The *H NMR

spectrum of CuMes showed the expected mixture of dimeric and pentameric species (Figure 3.10, top).

i (i) i
HLO2 + NaOH — L Na(L,02) —5es culL0y, <L HL;%? + Cu(OAc);-H,0

Scheme 3.5. Synthesis of bis(oleate)copper. (i) Ethanol, 50 °C; (ii) CuCl,, H>0; (iii) Toluene, 120 °C, 5 h. HL3°2 = oleic acid and
1302 = oleate.

Bis(oleate)copper, (Cu(L3%%),), was selected as a Cu(ll) precursor due to its high solubility and
the presence of oleate ligands which had previously proved effective in LZH preparations. Elemental
analysis showed that the reaction between Na(L;%?) and CuCl, was not successful. (Scheme 3.5).
However, the reaction between cupric acetate and HL;%? allowed the isolation of a turquoise gummy
solid which was verified by elemental analysis to be Cu(L3°?),, and thus subsequently used as the Cu(ll)

precursor (Scheme 3.5). NMR spectroscopy was unsuitable due to the paramagnetism of cupric acetate.
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(i)

A)  HL® + NaOH ————— Na(,%)
02 (ii) 0 (TTTTTTTTTITTmm Tt :
Na(L,%?) ——— 2zn(L,%%), : 0 :
(i) b0 = \O/\/O\)J\O_ :
B) ZnSO,-7H,0 + NaOH ———— Zn(OH), + Naso, E E
. , o) !
(IV) 02 ' :
Zn(OH), + HL402 —>X—  In(L,°), ' |02 \M/:\é/))ko_ !
1 3 = |
| 7 7 !
C) HL® + NaOH 4>(V) Na(L;%?) i
Na(L,%?) (vi) Zn(L,%2),

Scheme 3.6. Syntheses of zinc carboxylates. A) First attempt to synthesise bis(2-(2-methoxyethoxy)acetyl)zinc
(Zn(L402)y), following a modified literature procedure to bis(oleate)zinc/*4! B) Second attempt to synthesise Zn(L402),, following
a modified literature protocol for preparing bis(hexanoate)zinc!®s! C) Synthesis of bis(oleate)zinc ((Zn(L3°92);) according to
Ref.[14 /i) 1 h, 60°C, Ethanol, ii) ZnCl, in H,0, and B iii) H,0, iv) n-Octane or Toluene, reflux, 2 h, v) ethanol, 50 °C, vi) ZnCl,, H,0
HL392 = oleic acid; HL4%2 = bis(2-(2-methoxyethoxy)acetic acid.

Bis(2-(2-methoxyethoxy)acetyl)zinc, Zn(Ls%?),, was the target source of Zn(ll) to ensure the
products would be soluble in polar solvents. However, its synthesis from 2-(2-methoxyethoxy)acetic
acid, HL,®?, in the presence of NaOH and ZnCl; in ethanol proved difficult (Scheme 3.6, A). The modified
procedure requires water during the workup to extract the desired product from NaCl, but the polar
nature of ether linkages in Zn(L,°?), did not allow its isolation by precipitation from ethanol with water.
As a result, the crude mixture was dried and extracted with dichloromethane. After the

dichloromethane solution was filtered and dried, a colorless crystalline powder was obtained.
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Figure 3.6. 'H NMR spectrum of (2-(2-methoxyethoxy)acetic acid, HL2, in CDCl; (bottom) and bis(2-(2-
methoxyethoxy)acetyl)zinc, Zn(L4©2),, from dichloromethane extraction (top).
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Comparison of the *H NMR spectra of the product and free carboxylic acid suggested the
formation of the target product because the broad resonance representing the carboxylic acid moiety
at 8.5 ppm was no longer present (Figure 3.6). Elemental analysis implied the same, given the C:H ratio
was in the expected range (Elem. Anal. C10H180sZn: C, 36.22; H, 5.47; found C, 29.00; H, 4.59). However,

the low amount of carbon suggests that there is still some NaCl present.

In consequence, the synthesis of Zn(Ls%2); from freshly prepared Zn(OH), and HL°? was
investigated as an alternative route (Scheme 3.6, B). However, water, which was generated as a
byproduct during the reaction, could not be removed following drying under reduced pressure, washing,
recrystallization of the isolated product or lyophilisation. Further, changing the reaction solvent from n-
octane to toluene was explored, since it is known to form an azeotrope with water. However, this did

not facilitate the isolation of water-free Zn(L4°%),.

Based on the unsuccessful attempts outlined above, bis(oleate)zinc (Zn(Ls%2),) was targeted as
the zinc precursor. It’s synthesis from freshly prepared sodium oleate, (Na(L:°?), and ZnCl, has previously

been reported.

Diethylzinc (ZnEt,) has been used in previous studies as the Zn(R,), source, however, a 1:1
mixture of CuMes and ZnEt, in a NMR tube was unstable. A black precipitate was obtained after 1.5 h.
It is proposed that diethylzinc reacts with CuMes to produce Cu(0) species, likely via initial mesityl/ethyl
ligand scrambling, followed by B-hydride elimination. Considering the proposed decomposition
mechanism, it was proposed that diphenylzinc (ZnPh;) might be a more suitable zinc precursor. It is
commercially available and it generates benzene as a volatile and inert byproduct that can be easily
removed from the reaction mixture. However, CuMes proved to be unstable in the presence of ZnPh,,
as verified by 'H NMR spectroscopy. An exchange of the mesityl ligand on CuMes, with a phenyl ligand
on ZnPh; may form unstable CuPh. Reduction of Cu(l) to Cu(0) may be initiated by an ortho-hydride

elimination.
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(i) (ii)
4< g—sr — 4< g—Li-(EtZO)X_> _< g_Zn_% >_

Scheme 3.7. Two step synthesis of ZnMes,. (i) Adopted from Ref.[16]; n-BuLi, room temperature, Diethylether (ii) Modified
from Ref.[17); ZnBr,, room temperature, Tetrahydrofuran.

Next, di(mesityl)zinc was targeted via reaction of mesityllithium with ZnBr; at room temperature
(Scheme 3.7). Mesityllithium was isolated as a white powder by lithiation of mesitylbromide with n-Buli
at room temperature, as previously described in the literature.™® The reaction between mesityllithium
and ZnBr; at room temperature in THF-dswas analysed by *H and 3C NMR spectroscopy. Immediately
after the reaction was commenced a single set of new resonances were observed, indicating
quantitative formation of the desired product. Furthermore, the 'H NMR spectrum of synthesised

ZnMes; in CsDs was in good agreement with that reported in the literature.

Bond Bond Length [A] Angle [°]
Zn(1)-C(1) 1.9405(17) -
C(1)-Zn(1)-C(1) - 180
Zn(1)-C(1)-C(2) - 120.63(12)

Figure 3.7. X-ray crystal structure of ZnMes, (Structure measured and analysed by Dr. Andreas Phanopoulos). In line with
associated bond lengths and angles reported in the literature.[!8]

Colourless, needle-like crystals of X-ray quality were obtained from a saturated toluene solution
at —25 °C over three days. Single crystal X-ray diffraction (SCXRD) data confirmed the successful

formation of ZnMes,.
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Figure 3.8. Powder X-ray diffraction pattern of LZH-L3°2 synthesised from ZnEt; (bottom) and from ZnMes; (top).
Using ZnMes; in the synthesis of LZH vyielded a pale-coloured powder; the resulting

diffractogram was in reasonable agreement with powder patterns recorded using ZnEt, as the

organometallic zinc precursor (Figure 3.8).
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Figure 3.9. 'H NMR spectra in C¢Dg of ZnMes; (bottom), ZnMes; + CuMes (middle), and CuMes (top).

In addition, a 1:1 mixture of CuMes and ZnMes, in C¢Ds did not show any black precipitation
associated with Cu(0) as previously observed for mixtures with Znkt, or ZnPh; (vide supra). Also, the
resulting *H NMR spectrum only showed resonances associated with the individual precursors (Figure
3.9, middle). Therefore, ZnMes, appeared to be an appropriate zinc precursor for the targeted copper

doped LZH via an organometallic synthetic route.

However, deployment of ZnMes, as a Zn precursor gave rise to a series of undesirable

unidentified reaction products during the attempted synthesis of Cu-doped LZH materials (vide infra,
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Figure 3.12). Therefore, we turned our attention to commercially available Zn(CgFs), as an alternative

zinc precursor.

A 1:1 mixture of CuMes and Zn(CsFs), in Ce¢Ds afforded a red precipitate which could not be
identified via pXRD analysis. Since it’s tH NMR spectroscopic analysis showed broadened resonances of
CuMes, a dynamic behaviour in the reaction mixture was suggested; perhaps caused by reversible
Mes/CeFs ligand exchange (Figure 3.10). Note, no black precipitate was observed, indicating no

formation of undesired Cu(0).

pentamer

T o s s o e O
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Chemical Shift (ppm)

Figure 3.10. IH NMR spectra of CuMes (top) and CuMes + Zn(CeFs), (bottom) in CeDe.

Furthermore, Zn(CeFs), was found to be an appropriate zinc precursor for the synthesis of

LZH-L5°? (Figure 3.11), and was therefore identified as the most promising zinc source.
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Figure 3.11. Powder X-ray diffraction pattern of a) LZH-Ls°2 from ZnEt; as the reference and b) from Zn(CsFs),. Broad reflection
indexed as ' is caused by the hydrocarbon chain of longer carboxylates.[]
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3.2.1.2.2. Attempted Cu(l) doping of LZH Materials

Cu(l) doped LZH materials are not known in the literature, therefore, we aimed for similar
doping levels (2-10 mol % copper) reported for Cu(ll) doped LZH-NOs synthesised from Zn(NOs); and
Cu(NO3), in aqueous solutions with NaOH.* In that regard, we attempted to synthesise Cu'xLZH-L5%?
with X =5, 7.5 and 10 by stirring a precursor mixture of ZnMes, or Zn(CsFs),, Zn(Ls%%),, and CuMes in
toluene at room temperature overnight under an N atmosphere; a ligand loading of
[L3°%]/[Zn]+[Cu] = 0.6 was used. Degassed HPLC grade water was added and the reaction mixture was
stirred overnight, affording orange solutions. Moreover, the solutions appeared darker in colour with

higher levels of doping.
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Figure 3.12. Powder X-ray diffraction pattern of CulLZH-L35°? with a) X = 0 synthesised from ZnEt, (reference, undoped material)
and b) X=5, ¢c) X=7.5,d) X =10 synthesised with ZnMes; and e) X = 10 synthesised from Zn(CeFs),. Reflections marked with
is due to impurities from Zn(CsH11), and reflections marked with “’is due to hydrocarbon chain of longer carboxylates.!!
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The isolated orange solids of Cu\LZH-L5%? after drying under reduced pressure showed similar
powder diffractograms to white LZH-L;°? synthesised from ZnEt, (Figure 3.12).) However, additional
reflections at 27, 45 and 53 20 [°] marked with “*” were observed which could not be identify but are
speculated to derive from either impurities in ZnMes, or form during the reaction as undesired
byproducts. Changing the zinc precursor and using Zn(CsFs)2, which had been identified as the most
promising source earlier (vide supra), finally enabled the synthesis of impurity-free copper doped LZH

(Cu'10LZH-15°?) (Figure 3.12, e).

Whereas differing intensities of reflections in the powder X-ray diffraction pattern can be
attributed to the fact that certain orientations of microcrystalline particles are preferred, and reflection
broadening can be caused by the particle size, shifted reflections are generally due to changes in the
lattice parameters. Therefore, shifted reflections in the powder X-ray diffraction pattern can be
indicative of successful doping. The extent in which the reflections are shifted is related to the nature

and quantity of the dopant, which is described in Vegard’s law.!?"!

Table 3.1: lonic radii of metal ions with different coordination numbers.[24]

lon Coordination lonic radius [r/pm)
Zn(Il) v 0.6
VI 0.74
Cu(l) v 0.6
VI 0.77
Cu(ll) v 0.57
VI 0.73

The absence of a second phase based on copper in the powder X-ray diffraction pattern is
suggestive of successful incorporation of copper into the zinc lattice. However, it was difficult to verify
successful Cu(l) doping by PXRD because it was difficult to determine if a shift in the (110) and (100)
reflections occurred. It is possible that the low doping levels paired with very similar ionic radii for 4-
and 6-coordinate copper and zinc ions don’t provide a clear indication of successful doping based on

powder XRD pattern (Table 3.1).
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Inductively coupled plasma mass spectrometry (ICP-MS) is known for its high sensitivity for
detecting atoms at low concentration. Therefore, Cu'1oLZH-L3°% was analysed by Alaa Abdul-Sada at the
University of Sussex to determine the amount of copper present in the sample. The zinc concentration
was 21.20 wt.%, which is in reasonable agreement with the calculated zinc content (22.15 wt.%), but
the value found for copper (1.44 wt.%) is lower than the expected wt.% of 2.4 %. This led to the

hypothesis that the copper is not distributed homogeneously in the sample.

Point location Cu [mol%]

002 -
003 0.81
004 0.86
005 -
006 0.94
007 -
. , 008 0.83
I e 005 0.76

Figure 3.13. (A) SEM image of Cu'sLZH@-L;°2. (B) Table showing the copper content in [mol%] from Energy Dispersive X-Ray
Analysis (EDX) analysis at randomly picked point locations (00X).

Energy-Dispersive X-ray Spectroscopy (EDX) and SEM for a sample of Cu'sLZH-L3°% was found to
contain different amounts of copper in different selected point locations on the sample (Figure 3.13).
This is most likely representative of all Cu(l) doping attempts and confirms the presumption that copper

is not homogeneously distributed.

Based on these findings, it is concluded that Cu(l) cannot be incorporated into the lattice of
layered zinc hydroxide materials via the applied organometallic synthesis approach. Instead, Cu,O

nanoparticles and LZH may be formed simultaneously in the one pot synthetic procedure, and Cu,0 isn’t
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apparent in the pXRD pattern due to both its comparably low fraction of the sample and its very small

crystallite size.

3.2.1.3. Attempted Synthesis of Cu(ll) doped LZH

As mentioned earlier, Cu(ll) doped LZH materials were reported with doping levels ranging from
2-10 mol % copper and were synthesised by co-precipitation of Zn(NOs), and Cu(NOs), in aqueous
solutions with NaOH.™ Thus, the synthesis of Cu",LZH-L3s°? with X = 5 and 10 was targeted by the
controlled hydrolysis of a mixture consisting of ZnMes,, Zn(Ls%%); and Cu(Ls®?),, in toluene at room
temperature, and a ligand loading of [L5°?]/[Zn]+[Cu] = 0.6. Higher doping levels with X = 15 and 20 were
investigated as well to: a) find the Cu(ll) doping limit and b) form a Cu-rich single-phase catalyst
precursor for CO, to methanol conversion. (Note, ZnMes, was used in this study since Zn(CgFs), was not

identified as a precursor yet).
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Figure 3.14. Powder X-ray diffraction pattern of (a) LZH-Ls°% synthesised from ZnEt,; Cu',LZH-L392 with b) X =5, ¢) X =10, d) X
=15, and e) X = 20 synthesised with ZnMes; as the zinc source. Reflections marked with *” may be due to impurities from
ZnMes,.

Again, as previously seen for Cu(l) doping, the powder X-ray diffraction patterns of Cu"y\LZH-L5°?
are in good agreement with LZH-L5°%, but a clear shift in the (110) and (100) reflections to confirm the
successful incorporation of Cu(ll) ions was not possible (Figure 3.14). However, it seems likely that the
Cu(ll) doping limit was <20 mol% due to detection of Cu,0 as a separate phase at higher doping levels.

This result is surprising as Cu(L3°?), was used as the copper precursor, and in situ formation of Cu,0

requires reduction of Cu(ll) to Cu(l).

Due to the inconclusive outcome of the Cu(ll) doping experiments in this work, previously

presented strategies in the literature remain the desired pathway to prepare Cu-containing LZH.[*%
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3.3. SUMMARY, CONCLUSIONS AND FUTURE DIRECTIONS

The catalytic activity, selectivity, lifetime and poison resistance of Cu-based catalysts are linked
to their method for preparation.?? Here, an organometallic synthetic approach to Cu-containing

hydrotalcite like materials were explored in attempts to deliver catalysts for CO; reduction to methanol.

Cu- and Al organometallic reagents were added, in variable stoichiometries, to mixtures of
diorgano-zinc reagents and the carboxylic acid. The combined organometallic mixture was hydrolysed
and the product characterise. Unfortunately, none of the routes were proven to produce the target
doped LZH materials nor to yield LDH. For example, substituting 25 mol % of the ZnEt, precursor with
AlEts was investigated as a route to LDH nanosheets. The analytical techniques suggested that
amorphous Al,Os was generated alongside very small ZnO nanoparticles, suggesting phase separation
was more stable. As ZnAl LDH materials are very well known, it is concluded that LDHs are not accessed
in the fully exfoliated state and rather these conditions yield nanoparticles. The attempts to prepare a
CuZn htl like materials showed that only specific zinc precursors were stable with respect to CuMes
decomposition. Amongst the zinc precursors, bis(pentafluorophenyl)zinc (Zn(CsFs)2) was found to be the
best choice. However, the formation of a monophasic Cu'10LZH-Ls°? could not be verified by powder X-
ray analysis, ICP-MS or EDX. The synthesis of Cu",LZH-L,°? was rather inconclusive as Cu,0 nanoparticles
were formed as a second phase together with LZH. Consequently, new strategies need to be explored
in the future for the synthesis of exfoliated and doped LZH materials. A detailed study on intermediates
formed before the controlled hydrolysis of the reaction mixture may help to identify the right conditions

to access a monophasic Cu-containing layered material in a one pot synthesis.
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4 NOVEL CATALYSTS FOR CO, /PO RING OPENING COPOLYMERISATION

4.1 BACKGROUND AND SCOPE

The primary objective of this chapter is to identify, synthesise and test new zinc-based
heterogeneous catalysts for the ring opening copolymerisation (ROCOP) of propylene oxide (PO) and
carbon dioxide to form poly(propylene carbonate) (PPC). Ideal catalytic systems should be cost effective,
non-toxic, easy to prepare and handle, generate colourless materials with minimal by-products and

allow good control over the yield, molecular mass and microstructure of the generated polymers.™

Zinc glutarate (ZnGA) is a well known heterogeneous catalyst, with the active site proposed to
combine a Zn-carboxylate scaffold and Zn-hydroxy! initiating species.* Catalytic activity depends
strongly upon factors including: the choice of precursor, high ZnGA surface area, high degree of
crystallinity and surface structures showing Zn—Zn distances of 4.3-5 A (please refer to the introduction
for more details). Until today it is the most powerful zinc based heterogeneous catalyst for the

copolymerisation of PO with CO..

Less active zinc based heterogeneous catalysts were either prepared from ZnEt,/mono-carboxylic
mixtures or dicarboxylic acids other than glutaric acid, (please refer to the introduction). In 2011 our
group revisited monocarboxylic zinc based catalytic systems by studying well-defined ethylzinc acetate
complexes with ligand stoichiometries of 1:1 [EtZn(OAc)] and 3:2 [Zns(OAc)s(Et)s] in the
copolymerisation of CO, with PO." Preliminary tests showed no catalytic activity for PO/CO,

copolymerisation but low conversions (24 —41 mol polymer/mol epoxide) towards cyclohexene
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oxide/CO, copolymerisation. Polymers formed at 15 atm CO,, 80 °C over 7.5 h contained up to 66 %

carbonate linkages.™
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Scheme 4.1. Schematic structure of layered zinc hydroxides (LZH) comprised of edge sharing octahedral sheets of zinc cations
contain hydroxide ions on the vertices that connect to form infinite 2D sheets and intercalated anions (L,°2, n =2 or n=5).
Enlargement of the interlayer spacing when hexanoate (Ls°2) or 2-[2-(2-Methoxyethoxy)ethoxylacetate (L,°2) is used. Zn—Zn
distance was obtained from multiplying the di10 spacing (calculated using Bragg equation) by a factor of 2.

Controlled hydrolysis of ZnEt,:carboxylate complexes with a ligand loading of 0.6 ([COOR]/[Zn])
were found later to yield layered zinc hydroxide materials (LZH) intercalated by monocarboxylates.>®!
Layered materials have previously been used as efficient support materials in ethylene polymerisation

catalysis.”1%

In this work the crystalline LZH material was identified as a potential catalyst for
copolymerisation as it features both Zn-hydroxide and Zn-carboxylate groups, and has a Zn—Zn distance

of ~3 A (determined from the 110 Bragg reflection in the powder X-ray diffractogram). Exfoliation into

2D nanosheets would yield a material with high surface area (Scheme 4.2).
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Scheme 4.2. Accessing monolayers of layered materials via exfoliation of bulk material or via the organometallic synthesis
approach by the controlled hydrolysis of ZnEt; with 0.6 eq. HL,92. With i) Toluene, 20 °C, 16 h, ii) 1.6 equiv. of H,0 (relative to
zinc), 20°C, 3 h.[®]

Conventional exfoliation of LZH materials to 2D nanosheets requires rather damaging
conditions, including reflux in high temperature solvents, ultra-sonication, high-shear ball milling, or use
of exfoliating agents (Scheme 4.2, top down).>® Such conditions are required due to the strongly
coordinating carbonates found between the interlayer galleries, formed either directly during the
synthesis or by reactions of intercalated water with atmospheric CO,.>® In contrast, we recently
reported a direct, synthesis of exfoliated LZH via the hydrolysis of dialkyl zinc reagents (Scheme 4.2,
bottom up).! The extent of exfoliation was strongly dependent on the carboxylate and solvent.!®!
Carboxylic acids bearing hydrophobic alkyl chains formed exfoliated nanosheets in apolar solvents,
whereas hydrophilic alkyl ether carboxylic acids resulted in LZH exfoliation in polar solvents.?®?°! Here,
the exfoliated nanosheets of LZH-Ls°? and LZH-L,°?, will be tested in catalysis. These species should show

different extents of exfoliation due to the different substituents; LZH-L,%2

is expected to result in
greatest catalyst surface area. As control reactions, the catalytic activity of zinc bis(hexanoate), Zn(Ls%?),,
and ZnO nanoparticles, capped with hexanoate, ZnO@Ls®?, will be investigated; as the hydrolysis of
ZnEt; in the presence of carboxylates forms 50 wt% LZH, ZnO (6 wt.%) and zinc bis(carboxylate) (44
wt.%), with the latter species proposed to be located between the layers (determined using UV-Vis

spectroscopy and elemental analysis respectively)."

119



Novel Catalysts for CO,/PO Ring Opening Copolymerisation

This chapter outlines the synthesis and activity of LZH and the control species ZnO@Ls°? and
zinc bis(hexanoate), Zn(Ls°?),, to be tested as catalysts for PO/CO, ROCOP. The structures are illustrated

in Table 4.1.

Table 4.1. Simplified structures of catalyst tested in Copolymerisation of PO/CO,.

Hexanoate Series Polyethylenglycol Series

[Zns(OH)s(Ls%%);)-L5%2 [ZNns(OH)s(L2°?)2]-L2°?
LZH-Ls? LZH-L,°?
M = 808.4 [g/mol] M =994 [g/mol]

O
1/\/\/
| it
o)\/\/\
ZnO@L;s°?

M =92 [g/mol]

S

Zn(l_502)2

M =295.68 [g/mol]

Catalyst performance criteria include activity, productivity and selectivity. The polymer
selectivity describes the relative amounts of poly(propylene carbonate) (PPC) vs. propylene carbonate
(PC—5 membered heterocycle, which is stable with respect to any further polymerisation). It is typically
measured using NMR spectroscopy of the crude reaction product by comparing the relative integrals
for PPC against PC and makes use of an internal standard (mesitylene). Catalysts productivity is typically
assessed as the quantity of polymer yielded (g) per weight of zinc added (g). Productivity may be
enhanced by optimising of the reaction conditions, such as changing CO; pressure, temperature, and
catalyst loading. The catalysis will be benchmarked against the literature data for the known zinc

glutarate ZnGA catalyst, synthesised from ZnEts.
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4.2 CATALYST SYNTHESIS AND CHARACTERISATION

The synthesis and characterisation of LZH-L,°? (n =4 or n = 5) was already reported (Scheme
4.3).5% The synthesis involves the controlled hydrolysis (1.6 equiv. H,0 relative to [Zn]) of diethyl zinc
in the presence of either HL,°? or Zn(Ls°?); at a molar ratio of ligand to metal, [HL,°/Zn]=0.6
(n=4orn=5). The reaction was scaled-up by 20 times compared to the reported procedure which
required the addition of water to be at 0 °C to prevent the formation of a by-product. The by-product
shows basal reflections (00/) at lower 2 theta [°] (<20°) perhaps originating from different ligand chain

orientations or other formed molecular species.

ZnEt, + Zn(Ls%?),

(i) [Zns(Et)4(L,°%)6] (ii) LZH-L,02
pentanuclear cluster [Zng(OH)4(L,%2),]
ZnEt, + H(L%Y), _|
.o 0 ;
L502 - _OJJ\/\/\ |_202 - _OJJ\/O\/\O/\/O\
l Hexanoate 2-[2-(2-Methoxyethoxy)ethoxy]acetate .

Scheme 4.3. Synthesis of LZH-L,%2(n = 4 or n = 5) catalysts for copolymerisation of PO/CO,. Organometallic synthesis of LZH-15°2
and LZH-L,°2 with i) Toluene, 20 °C, 16 h; ii) 1.6 equiv. of H,0 relative to [Zn], 0 °C, 3 h.

Thus, the two new catalysts were synthesised by adding a solution of ZnEt;, to a solution of HL,%%,
or Zn(Ls%%),, in toluene. The reaction is known to form a mixture of a pentanuclear organometallic cluster
compound, [Zns(Et)a(L,°%)e], together with unreacted ZnEt,. The addition of stoichiometric amounts of
milli-Q water, relative to zinc, allowed the formation of LZH-L,°? (n =4 or n = 5). Removal of toluene
from the crude reaction mixture yielded the catalysts as white solids. Product characterisation by means
of powder X-ray analysis (Figure 4.1) and IR spectroscopy (Figure 4.2) confirmed the formation of

LZH-L,°? (n =4 or n = 5) with constant composition.
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Figure 4.1. Powder X-ray diffractograms of LZH-L,°? (top) and LZH-Ls%2 (bottom).

Powder X-ray diffraction confirmed the formation of LZH-L,°> (h=4orn=5) as the only
crystalline product (Figure 4.1). The characteristic equally spaced basal reflections (00/) with /=1,2,3,

etc. at low 2 theta [°] (<20°), as well as the in-plane reflections (100), (110) and (200), are fully consistent

with previous reports of LZH.>®!
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Figure 4.2, FT-IR spectra of A) HL;2 (top) and LZH-L,°? (bottom); B) HLs%2 (top) and LZH-Ls%? (bottom).
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The Fourier-transform infrared (FTIR) spectra of both samples showed broad O—H stretches
(v=3433 cm for LZH-L,°? and 3403 cm for LZH-Ls°?) assigned to surface hydroxyl groups (O—H) and
water molecules. The successful coordination of L,°? (n = 2,5) as a carboxylate was confirmed by the
disappearance of stretches associated with free carboxylic acid, at 1758, 1736 cm™ for LZH-L,°? and
1705 cm™? for LZH-Ls°%, and by the presence of stretches associated with surface coordinated
carboxylate ligands (Vasym. CO2~ 1588, Veym. CO2~ 1424 cm™* for LZH-R;%? and Vasym. CO2~ 1544, Veym CO2™
1406 cm™ for LZH-R5%% see Figure 4.2, A and B respectively)

(i)

ZnEt, + HL©2 T» Zno@L;°? + C,H

Scheme 4.4. Organometallic synthesis of ZnO@Ls°2 with i) Toluene, 2 h, 20 °C; ii) 0.4 M H,0 in acetone, 2 ; centrifugation,
3 x re-dissolving in toluene, precipitation with acetone.

92 was synthesised (Scheme

To make the zinc oxide nanocatalyst control sample, ZnO@Ls
4.4) 1112 7nEt, was reacted with 0.1 equiv. of the corresponding carboxylic acid (HLs%?) in toluene. After
2 h the dropwise addition of water, in acetone (0.4 M), results in the release of ethane gas and the
formation of the ligated zinc oxide nanoparticles. A cloudy mixture was obtained after 2 h, indicating
complete hydrolysis. The nanoparticles were isolated by centrifugation, at 3900 rpm for 10 minutes,

and the residue was repeatedly (re-)dissolved in toluene, and precipitated using acetone 3 times. Finally,

the sample was dried in vacuo, overnight to remove any solvent residues.

The product is Wurtzite ZnO nanoparticles using powder XRD (Scheme 4.3, A). The crystallite
size was determined to be ~5 nm for ZnO@Ls°? by applying the Scherrer equation. Evidence for surface
coordination of [Ls®?] is provided by the change to the carbonyl stretches for free acid (v C=0 1705 cm"
1) and the asymmetric (Vasym CO;~ 1544 cm™) and symmetric (Vsym CO2~ 1406 cm™) zinc-carboxylate

stretches.
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Figure 4.3. A) Powder X-ray diffractograms of ZnO@Ls°? indexed against ZnO (JCPDS card no.: 00-001-1136). B) FT-IR spectra
of HLs92 (top) and ZnO@Ls°2 (bottom).
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i
ZnS0,7H,0 + NaOH — Zn(OH), + NasoO,

HL,°?> + Zn(OH), L} Zn(L,°?),

Scheme 4.5. Synthesis of Zn(Ls%2), with i) water, ii) 126 °C, 20 min, n-Octane.

Zn(Ls°?) was isolated following a two-step literature procedure (Scheme 4.5).1*3! Firstly, Zn(OH);
was freshly prepared by the reaction of ZnSO4-7H,0 and NaOH. Next, 1 equiv. Zn(OH), was reacted with
3 equiv. Ls°% in boiling n-octane. A white solid formed, which was isolated by filtration, dissolved in hot
chloroform and filtered to remove any unreacted Zn(OH),. As the chloroform supernatant cooled, the

product formed as a precipitate, was filtered and dried (air), and used as such.
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Figure 4.4. FT-IR spectra of HLs%? (top) and Zn(Ls®?), (bottom).

The zinc carboxylate product Zn(Ls?), shows a Fourier-transform infrared (FTIR) spectrum free
from any stretches associated with free HLs°? (v C=0 1705 cm™) and showing stretches consistent with
coordinated carboxylate groups (Vasym CO2~ 1526 cm™ and vg,m CO,™ 1448 cm™, Figure 4.4). The product
purity was good as assessed by elemental analysis (ZnC12,0,H,, C, 48.7; H, 7.5; O, 21.6 found C, 48.8; H,

7.5; 0, 20.8).
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4.3 CATALYTIC TESTING

All catalysts were tested in the ROCOP of CO, with PO (Scheme 4.6 and Table 4.2). The
polymerisations were carried out at 50 °C, using 0.1 g of [Zn]o, at 40 bar CO, pressure and using neat
propylene oxide (20 mL). These conditions were found to give the best activities in previous

investigations using the heterogeneous catalyst ZnGA.*#

(0]
o) Catalyst J\/o
/Q + 0, — > H-0 (o] O-TH
i
neat ) n m
Propylene oxide Poly(carbonate ether)

Scheme 4.6. Polymerisation catalysis using propylene oxide (PO) and CO,to make PPC. Where n = number of carbonate linkages
and m = number of ether linkages. i) 50 °C, 40 bar, 0.1 g [Zn]o.

All catalysts were active and formed polymer with moderate/low vyields (0.05—1.15 g) after
prolonged reaction times (68 — 119 hours). The LZH catalysts both show higher productivity than the
control compounds and LZH-L,°2 shows the highest productivity of the series. The polymers all show
high CO, uptake with the percentage of carbonate linkages >80% in all cases. All polymers showed the
same regiochemistry, with slight head-to-tail enrichment (77%) compared to tail-to-tail (12%) or head-

to-head (11%) linkages (Table 4.2).

Table 4.2. Catalyst performance data in the ROCOP of CO,/PO.

Entry  Catalyst Time Yield Fcoz Productivity® Microstucture M [D]
(h] (8] [%]° (8/g] (TT/HT/HH) [%]' [g/mol]'
1° Zn(Ls%%)2 119 0.05 (+0.003) 89 0.5 (+0.03) n.d 16500 [3.5]
2° Zn0@Ls%? 88 0.20 (£0.010) 98 1.9 (¢0.10) 12/77/11 21300 [7.2]
32 LZH-L5°? 68 0.50 (£0.025) 98 5.0 (+0.25) 13/77/10 n.d.
4o LZH-L,°? 78 1.158 (+0.058) 73h 11.5 (£0.58) 11/78/11 7600 [12.8]

aReaction conditions: Catalyst (0.1 g [Zn]o; 461 mg Zn(Ls92),/145.5 mg ZnO@L5°%/256.4 mg LZH-15°2), PO (20 mL), 40 bar CO,,
50°C. bReaction conditions: Catalyst (0.1 g [Zn]o; 320 mg LZH-L,°2), PO (20 mL), 40 bar CO,, 50°C, 100 uL Mesitylene was used
as an internal standard. “Grams of polymer isolated per 0.1 g Zn. 9Carbonate content of polymers, determined by *H NMR
spectroscopy. eProductivity = grams polymer/grams of [Zn]o. fTT = Tail to Tail, HT = Head to Tail, HH = Head to Head connectivity
determined by 13C {*H} NMR of polymers. 8Grams of alternating poly(propylene carbonate) determined from crude 'H NMR
compared with mesitylene "Carbonate content of polymers determined from the relative integrals in the crude *H NMR spectra
of PPC (4.92 ppm) compared with ether linkages (3.46-3.32 ppm). 'Determined by GPC analysis, in THF, calibrated with
poly(methyl methacrylate) standards.
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Zn(Ls%?), displays the lowest activity with a productivity of 0.5 g/g [Zn]o but is more active than
catalytic systems based on ZnEt,—carboxylic acid (1:1) where it was reported that only traces of polymer
was detected.™ ZnO@Ls°? shows a slightly greater productivity (1.9 g/g [Zn]o), whereas LZH-Ls°% shows
a marked improvement in productivity to 5 g/g [Zn]o. The results indicate there are benefits to applying
these layered materials in this polymerisation catalysis and it may arise from greater catalyst surface
areas and/or more accessible active sites. Changing the hexanoate ligand (Ls°?) for the more polar
2-[2-(2-methoxyethoxy)ethoxy]acetate ligand, [L:°%]7, resulted in a two-fold increase in productivity
(5vs. 11.5 g/g [Znlo). The productivity enhancement is tentatively attributed to the polar alkylether
carboxylate ligand, which may result in greater exfoliation in the polar propene oxide medium and hence
form a greater density of active sites.

To test the notion that the most productive catalyst was exfoliated under the conditions of the
catalysis, a sample of LZH-L,°? in PO was examined. The sample formed a transparent solution and
Tyndall scattering was observed which is consistent with the formation of a stable colloidal solution of
exfoliated LZH-L,°° (Figure 4.5, right). In contrast, LZH-Ls°? in PO formed a precipitate and no light
scattering was observed (Figure 4.5, left) — i.e. there is unlikely to be significant catalyst exfoliation
during reaction. The notion that an increase in catalyst surface area enhances activity is in line with

previous observations using ZnGA.!?
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Figure 4.5. Tyndall effect using solutions/suspensions of LZH-Ls%? (left) and LZH-L,°2 (right) in PO.
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The catalyst LZH-L,°? also formed a greater proportion of ether linkages (27%). These linkages
form by sequential epoxide insertion and can signal an increase in the Lewis acidity of the Zn active site.
It may be that the carboxylate ligand influences the electron density at the zinc active sites, as well as

controlling the extent of sheet exfoliation.

HH
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Figure 4.6. Exemplar 13C {1H} NMR spectrum of poly(propylene carbonate) synthesised by LZH-L,02.

In addition quantitative 3C {*H} NMR spectroscopy of PPC, isolated when using the catalysts
LZH-L,%?, revealed that the polymers are head-to-tail linkage enriched (up to 78 %) (Table 4.2 and Figure
4.6). Compared with heterogeneous catalysts the regioselectivity is more consistent with double metal

cyanide catalysts (Zn-Co-DMC forms mostly head-to-tail linkages) than ZnGA (30:60:30; TT:HT:HH).!*617]

Since LZH-L,°? was the most productive catalyst and showed good regioselectivity, it warranted
further optimisation despite the comparable lower molar mass (7600 g/mol) and highest polydispersity

(B =12.8) of the resulting polymer.
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4.3.1  EFFECT OF CO, PRESSURE

The effect of CO, pressure on the catalytic performance of LZH-L,°? was investigated from 1 to

40 bar, at 50 °C, using 0.05 g [Zn]o per 10 mL PO, over 78 hours (Table 4.3).

Table 4.3. Catalytic data for the ROCOP of CO,/PO with LZH-L,9? at different scales and pressures.

Entry CO2Pressure Conv. COz Polym. Yield Fco2 Productivity M [D]
[bar] [%l° 1% [%° (gl [%]8 [e/g]" [g/mol]’
1° 1 6.3 61 56 0.2 (£0.01) n.d 6.5 (+0.33) 6700 [10.9]
2e 10 9.9 74 66 0.7 (+0.04) n.d 14.1 (+0.71) n.d.
3@ 20 11.0 80 66 0.8 (+0.04) n.d 16.4 (£0.0.8) 6900 [13.2]
4b 20 10.7 80 66 1.6 (+0.08) 78 16.3 (£0.82) n.d.
5P 40 7.0 79 65 1.2 (£0.06) 83 11.5(+0.58) 7500 [12.8]

aReaction conditions: Catalyst (0.05 g [Zn]o = 160 mg LZH-1,92), 50°C, 78 h, 50 uL mesitylene as an internal standard. PReaction
conditions: Catalyst (0.1 g [Zn]o = 320 mg LZH-L,02), 50°C, 78 h, 50 uL mesitylene as an internal standard. PO conversion
determined from the sum of the relative integrals in the crude *H NMR spectra of PPC (4.92 ppm), PC (77 ppm) and ether (3.46-
3.32 ppm) compared to mesitylene. 9CO; selectivity determined by the relative integrals from the crude *H NMR spectra of
PPC (4.92 ppm) and PC (4.77 ppm) compared with ether linkages (3.46-3.32 ppm). ¢Polymer selectivity determined from the
relative integrals in the crude 'H NMR spectra of PPC (4.92 ppm) and PC (4.77 ppm). fGrams of alternating poly(propylene
carbonate) determined from the crude H NMR spectra compared with mesitylene. eCarbonate contents of polymers
determined from the 'H NMR of the polymers. "Productivity = grams polymer/grams Zn. ‘Determined by GPC analysis, in THF,
calibrated with poly(methyl methacrylate) standards.

Catalyst LZH-L,°% was active across the pressure range 1 — 40 bar. CO,-uptake increased from
1 - 20 bar (60 - 80%) suggesting some CO; insertion rate dependence at lower CO; pressures, which has
been seen in a double metal cyanide catalyst.'® Consequently, a slight reduction in cyclic carbonate
formation is observed from 1 to 10 bar, and, over the same pressure range, an increase in productivity
is observed (6.5 —14.1 g/g [Zn]o). A slight reduction in productivity is observed at 40 bar (11.5 g/g [Zn]o),

which might be attributed to pressure induced solvent swelling in the sub-supercritical regime which

reduces the overall catalyst concentration.*®’
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4.3.2  EFFECT OF REACTION TEMPERATURE

The polymerisation temperature influence on the catalytic activity of LZH-L,°% was investigated
over 10 °C increments from 50 to 80 °C. A catalyst loading of 0.05 g [Zn], in 10 mL PO was used (Table

4.4),

Table 4.4. Catalytic data for the ROCOP of CO,/PO with LZH-L,°? and the influence of temperature T [°C] and CO, pressure
[bar].2

Entry T CO2 Pressure Conv. CO2 Polym. Yield Productivity M [D]
[°C] [bar] [%]° [%]° [%] (] [g/g]f [g/mol]®
1 50 20 10.7 80 66 1.6 (+0.08) 16.3(+0.82) 4100 [18.5]
2 60 20 14.0 79 62 1.0 (¢0.05) 20.0(+1.00) 9200 [9.8]
3 70 20 31.0 73 41 1.4 (£0.07) 27.1(+1.36) 6900 [4.2]
4 70 30 255 81 53 1.6 (+0.08) 31.0(+1.55) 7600 [6.8]
5 70 40 32.0 80 54 2.1(+0.11) 42.0(+2.10) 4800 [5.5]
6 80 40 54.0 77 13 1.5(+0.08) 31.0(+1.55) 4700 [4.6]

aReaction conditions: PO (10 mL), Catalyst (0.05 g [Zn]. 160 mg LZH-L,%2), 78 h, 50 pL mesitylene as an internal standard. PO
conversion determined from the sum of the relative integrals in the crude *H NMR spectra of PPC (4.92 ppm), PC (77 ppm) and
ether (3.46-3.32) compared to mesitylene. <CO, selectivity determined from the relative integrals in the crude *H NMR spectra
of PPC (4.92 ppm) and PC (4.77 ppm) compared with ether linkages (3.46-3.32). 9Polymer selectivity determined from the
relative integrals in the crude 'H NMR spectra of PPC (4.92 ppm) and PC (4.77 ppm). ¢éGrams of alternating poly(propylene
carbonate) determined from the crude *H NMR spectra compared with mesitylene. f{Grams polymer/grams Zn. eDetermined
by GPC analysis, in THF, calibrated with poly(methyl methacrylate) standards.

Increasing the temperature from 50°-70°C (at 20 bar) led to an increase in productivity
(16.3 —27.1 g/g [Zn]o). CO,-uptake remained largely constant (~70 — 80%) however, polymer selectivity
decreased from 66% to 41%. The decrease in selectivity is expected as the cyclic carbonate is the
thermodynamic product of epoxide/carbon dioxide coupling. To try to address the reduced
polymerisation selectivity at higher temperatures, the CO, pressure was subsequently increased. One
way that the cyclic carbonate can form is through polymer chain backbiting reactions from the alkoxide
intermediate, which usually indicates issues with the carbon dioxide insertion rate.?® Since it is unclear
how the new catalysts react and the rate determining step is unknown, it is reasonable to test the notion
that carbon dioxide insertion may be limiting, particularly at elevated temperatures. Increasing the
pressure from 20 to 40 bar at 70 °C resulted in an improved polymer selectivity (41% —54%) and also

gave rise to a large increase in productivity (27.1 g/g [Zn]o to 42 g/g [Zn]o). Increasing the temperature
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further to 80 °C resulted in a significant drop in both polymer selectivity (13%) and productivity (31 g/g
[Zn]o). It is not reasonable to increase the pressure above 40 bar due to the likelihood of entering the
sub-supercritical regime (gas expansion issues) and due to limitations in standard experimental set-up.

Polymer molecular masses ranged between 4100 and 9200 g/mol and higher temperatures
seemed to narrow polymer dispersity. However, in all cases dispersity values were very broad, as is

typical for surface catalysed polymerisations.

Next, attention turned to the characterisation of the catalyst before and after polymerisation.
It is noted that LZH-L,%? can decompose into ZnO upon heating (>40 °C) in air at atmospheric pressure,
and this was concerning given the temperatures used during the polymerisations.!®! Powder X-ray
analysis shows no evidence for this decomposition, instead it indicates the retention of a layered
structures after catalysis, given by the preserved in-plane reflections at 33°, 59° and 69° 2 theta,
corresponding to (100), (110) and (200) respectively (Figure 4.7, A). However, the characteristic basal
reflections (00/) associated with intercalated [L,°%]~ were missing after catalysis. Instead, one broad
reflection at ~12 2 theta [°] is observed, indicating the formation of a LZH material intercalated by
carbonate anions (LZH-CQOs, Figure 4.7, A). A similar peak has been reported for carbonate intercalated

Zn-Al layered double hydroxides. %

The FT-IR spectrum (Figure 4.7, Ba) shows a stretch at 1380 cm™ which is close to the stretching
mode reported at 1365 cm™ for interlayer carbonate anions in Zn-Al layered double hydroxides.!?
Stretches associated with intercalated carboxylate ligand, [L,°%]", were absent after catalysis, which can
be seen by comparing spectra a with b in Figure 4.7, where the asymmetric and symmetric stretches of
CO,™ at 1588 and 1423 cm™ were missing. This indicates that the original ligands were replaced by

carbonate anions and are now present as free carboxylic acid HL,%?, indicated by the C=0 stretch at

1755 cm™ (compare Figure 4.7 Ba with Bc as a reference for HL,%?%).
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Figure 4.7. A) pXRD of LZH-L,°? before catalysis (bottom) and after catalysis (50 °C and 40 bar CO, pressure, top). B) FT-IR
spectra of a) LZH-L,92 after catalysis, b) LZH-L,°2 before catalysis and c¢) HL;92. (00/) defines basal reflections at low 2 theta [°].
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4.3.3  EFFECT OF CATALYST LOADING

Table 4.5 demonstrates the influence of catalyst loading for polymerisations conducted at 70 °C

and 40 bar CO; pressure using LZH-L,%2.

Table 4.5. Catalytic data for the ROCOP of CO,/PO using different loadings of the catalyst LZH-L,92.2

Entry Catalyst loading Conv. CO2 Polym. Yield Productivity M [D]
(8] Zn [%]° [%]° [%]° 8] /g’ [g/mol]®
1 0.025 13 82 66 0.9 (£0.05) 37 (+1.85) n.d.
2 0.05 32 80 54 2.1(+0.11) 42 (+2.05) 4800 [5.5]
3 0.1 50 86 38 2.1(+0.11) 21 (+1.05) n.d.

aReaction conditions: PO (10 mL), Catalyst (0.025 g [Zn], 80 mg LZH-L,92/0.05 g [Zn]. 160 mg LZH-L,°2/0.1 g [Zn], 320 mg LZH-
L292), 40 bar CO,, 70 °C, 78 h, 50 uL mesitylene as an internal standard. PPO conversion determined from the sum of the relative
integrals in the crude *H NMR spectra of PPC (4.92 ppm), PC (77 ppm) and ether (3.46-3.32 ppm) compared to mesitylene.
¢CO; selectivity determined from the relative integrals in the crude 'H NMR spectra of PPC (4.92 ppm) and PC (4.77 ppm)
compared with ether linkages (3.46-3.32 ppm). ®Polymer selectivity determined from the relative integrals in the crude *H NMR
spectra of PPC (4.92 ppm) and PC (4.77 ppm). eGrams of alternating poly(propylene carbonate) determined from the crude H
NMR spectra compared with mesitylene. fGrams polymer/grams Zn. 8Determined by GPC analysis, in THF, calibrated with
poly(methyl methacrylate) standards.

As expected, increasing the catalyst loading from 0.025 g [Zn]o to 0.1 g [Zn]o resulted in higher
conversions. The polymers show very similar CO,-uptake (82% vs. 86%). With increasing catalyst
concentration, the polymer selectivity decreases (66% - 38%), resulting in lower polymer productivity.
This drop in selectivity may be due to higher catalyst loadings resulting in faster reaction and, at fixed
time, the polymerisation reaching higher conversions (~40-50%) which increases the solution viscosity
and may hinder epoxide/carbon dioxide coordination (diffusion limitation) but does not influence the

back-biting reaction (which is unimolecular).
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4.3.4 COMPARING LZH-L,°% WITH ZNGA

The catalytic activity of ZnGA is known to be strongly dependent on the zinc precursor. Early

15221 | ater, other zinc

reports describe the formation of ZnGA from ZnEt, and glutaric acid (GA).
precursors such as Zn(OH)z, Zn(OAc)z2, ZnO or Zn(NOs),:6H,0 were found to yield ZnGA of higher activity
due to improved crystallinity (for more details please refer to the introduction). To ensure fair

comparisons, in this work ZnGA and LZH-L,°2 (n=2 or 5) were both compared using ZnEt, as the

precursor. Compared to previous reports of this ZnGA catalyst, LZH-L,°? showed greater productivity.

Table 4.6. Comparative Polymerisation Catalysis Data for ZnGA and LZH-L,°2.

Precursors Catalyst [Zn]o PO CO2 Temp. Time Yield Pro- M [D]
e CO ey
12 ZnEt,-GAR? ZnGA 0.33¢ 100 52 60 40 2.5¢ 7.6¢ 11000 [11.3]
2 ZnEty-HL:%? LZH-L2°2  0.05 10 20 60 78 1.00¢ 20.0 9200 [9.8]"
3 ZnEtr-HL®?  LZH-L°2  0.05 10 40 70 78 2.1° 42.0 4800 [5.5]"

aReaction conditions: Catalyst (0.33 g [Zn]o; 1 g ZnGA). PReaction conditions: Catalyst (0.05 g [Zn]o; 160 mg LZH-1,92), 50 uL
Mesitylene as an internal standard. cCalculated from the weight of catalyst. 9Calculated from the reported yield [g/g of Cat].
eGrams of polymer determined from the crude 'H NMR spectra (with the internal standard). {Grams polymer/grams Zn.
8Measured by GPC calibrated with polystyrene standards. "Determined by GPC analysis, in THF, calibrated with poly(methyl
methacrylate) standards.

ZnGA vyielded 2.5 g alternating poly(propylene carbonate) within 40 hours, at 52 bar CO;
pressure and 60 °C. At the same temperature, LZH-L,*? yielded 1 g polymer using lower CO, pressure
(51 vs. 20 bar). The LZH catalyst productivity is ~2.5 times greater than for ZnGA synthesised from ZnEt,.
Another consideration is that the LZH comprises only ~50 wt.% layered material (ZnO and Zn(L;°%), are
side products of the synthesis, vide supra) and this makes the productivity values perhaps even greater.
The optimum conditions for these LZH catalysts were at 70 °C and 40 bar CO, pressure which enabled
isolation of ~2 g polymer and resulted in a catalytic productivity of 42 g/g [Zn]o. These values are
competitive with leading ZnGA catalysts, synthesised from ZnO as the metal precursor (Table 1.2 entry

8 and 9 in chapter 1).
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4.4 POLYMER PROPERTIES
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Figure 4.8. A) Polymer film in PTFE mould, B) TGA analysis and C) DSC analysis of polymer isolated with LZH-L,°2? at 70 °C and
40 bar CO; pressure.

The polymer isolated with LZH-L,°? at 70 °C and 40 bar CO, pressure was found to be a fully
transparent, colourless stretchy film (Figure 4.8, A). Its thermal stability was probed using TGA analysis,
and the thermal decomposition temperature, Tqs%, was determined to be 200 °C (Figure 4.8, B). This is
in reasonable agreement with other reported data on PPC.[Y The second step in the TGA profile between

300 °C and 400 °C might result from ether linkages in the isolated polymer.

The glass temperature, Tg, for PPC is reported within a relatively broad interval, generally
spanning from 25—45 °C.1Y Factors such as different molecular weights, microstructures and the
amount of ether linkages in the polycarbonate are addressed to explain the dependencies. As PPC
comprising of 40-60% ether linkages and a viscosity-average molecular weight (M) of 41700 g/mol led
to a T4 of 8 °C, the low glass temperature of 3.5 °C, measured in this study, might be due to the low

molar mass of the polymer (M, = 4800 g/mol) and high degree of ether linkages (~20%, Figure 4.8, C).[?%
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4.5 CONCLUSION

The application of LZH materials in the ring-opening copolymerisation of CO, with propylene
oxide is reported for the first time. Hydrophilic co-ligands such as 2-[2-(2-
methoxyethoxy)ethoxy)acetate [L,°?] was demonstrated to enhance activity compared to less
hydrophilic co-ligands, [L:°?], as a result of excellent exfoliation and therefore higher surface area.
Under optimised conditions, a maximum productivity of 41 g/g [Zn]o was obtained with 40 bar CO;

pressure at 70 °C.

This material (LZH-L.°?) proved competitive to ZnGA synthesised from ZnEt, with a reported
activity of 7.6 g/g [Zn]o.*?) Furthermore, the layered structure proved pivotal to activity as previous
investigations into zinc-clusters by our group proved inactive for CO,-PO ROCOP and showed poor

turn-over for cyclohexene oxide.™

This work describes a new zinc system alongside Zn-carboxylates and Zn—Co double metal
cyanide complexes. Further investigations may include using mixed metal layered structures and

understanding if catalyst recycling would be possible (see Chapter 5 for more details.)
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5 CONCLUSIONS AND QUTLOOK

5.1 CONCLUSIONS

Organometallic routes to produce colloidal nano-materials were studied with the long-term
objective of using them as either catalyst precursors or as catalysts in CO, utilization for the production

of fuels or polymers (polypropylene carbonate).

Stable colloidal Cu and Cu,0 nanoparticles, formed from mesitylcopper(l), were synthesised with
substoichiometric amounts of bidentate ligands. The size of the nanoparticles was reproducible and
ranged between 3 and 4 nm. The formation of small and stable Cu,0 nanoparticle colloids may offer the
potential for integration with 3-D printing methods. Cu,0 nanoparticles showed a maximum solubilility
in toluene of 200 mg/mL when coordinated by 2-[2-(2-methoxyethoxy)ethoxy]acetate. This oligoether
functionalised carboxylate ligand was also useful for low temperature ligand removal from nanoparticle
surfaces (at 150 °C). A series of carboxylate/dithiocarboxylate ligands were explored and exchange
reactions carried out on Cu and Cu,0 nanoparticles which indirectly probed their surface properties.
These studies showed for each system: a) the best ligands for producing soluble and stable nanoparticle
colloids and b) indications of ligand, and substrate binding, at the nanoparticles surface during catalysis.
The thiocarboxylate ligands were more strongly coordinated to metallic copper nanoparticles than
carboxylate ligands, perhaps because Cu is a ‘soft’ metal according to Hard-Soft Lewis Acid/Base theory.

Whereas, Cu,0 nanoparticles were best stabilized using carboxylate ligands.

Preliminary photocatalytic results using Cu,O nanoparticles demonstrated some proof-of-principle
activity. Cu,O nanoparticles, homogeneously distributed within a matrix of single walled carbon
nanotubes (SWCNT), were synthesised and will be tested in future as electrocatalysts. A composite
catalyst consisting of Cu,O nanoparticles mixed with a conjugated, photoactive polymer (p(‘Bu)TA-Ph,

vide supra) showed promising activity in photocatalysis, producing CO. Finally, Cu,0 nanoparticles were
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spray coated onto graphite electrodes, and are currently being tested as electrocatalysts with Shell

Global (Amsterdam).

Exfoliated and soluble Layered Zinc Hydroxides were synthesised following a modified procedure
from the literature. These were tested as novel catalytic systems for the ring opening copolymerisation
(ROCOP) of propylene oxide (PO) and CO,, to produce polypropylene carbonate (PPC). When using 2-
[2-(2-methoxyethoxy)ethoxy]acetate as the exfoliating ligand, a stable colloidal solution in PO was
formed. This material showed the highest productivity of all the catalysts, with 41 g/g [Zn]o at 70 °C and
40 bar CO; pressure. Its high catalytic activity was attributed to the high catalyst surface area in solution.
Solution-casting of the polymer yielded a transparent elastomeric film with a molecular weight of 4788

(g/mol?), a polydispersity of D = 5.53, a decomposition temperature, T4 s%, of 200 °C and a T, of 3.5 °C.

5.2 OuTLOOK

It is important to continue to develop well-controlled syntheses of copper-based nanoparticles.
In particular, developing synthetic conditions which control the nanoparticle solubility, surface
chemistry, size, and crystallinity are important since such factors will influence catalytic activity and

surface chemistry.

The organometallic precursor may influence the size of the nanoparticles since different Cu-X
bonds will show different rates of reaction during initiation (and growth). For example, [Cu(CsFs)]n or
[Cu{N(SiMes),}]» are alternative precursors since their reaction with hydrogen or air will form inert
side-products (HCsFs and HN(SiMes) respectively). It is also amenable to react with protic ligands, such
as carboxylates. Since the reactivity of a Cu-C vs. Cu-N bond should be different, and the latter are also
highly sterically congested, there could be potential to exploit size control by varying the
initiation/seeding of nanoparticle precursors. It may also be possible to moderate the nanoparticle

particle sizes by changing the concentration of the metallic precursor, in line with the LaMer Theory.?
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Future work should also be directed towards a direct synthesis protocol to produce Cu,0O
nanoparticles by the addition of water to a mixture consisting of any copper precursor and protic ligand
precursor. This method might yield Cu,O nanoparticles directly and thereby obviate the production of
Cu nanoparticles which requires use of hydrogenation. This route would be beneficial as it would

accelerate Cu;0 nanoparticles production and might scale-up more easily.

5.2.1  LIGAND DESIGN STRATEGIES ON CU AND CU0O NANOPARTICLES

The property of colloidal nanoparticles is determined as much by their coordinated ligands as
by the metal/metal oxide surfaces. Therefore, control over the surface coverage of the ligands, their
electronic and steric features are important in controlling the resulting colloidal NP catalytic activity and

selectivity.

monodentate
ligands

carboxylates
and
thiocarboxylates

o
R—(\
S

R

carbamates = N‘ amides
and R and
dithiocarbamate thioamides

Scheme 5.1. Proposed routes to moderate ligands for Cu and/or Cu,0 nanoparticles. R = alkyl and R; = alkyl.

To date, the use of bidendate carboxylate or phosphinate ligands have been investigated and
have produced nanoparticles with good colloidal stability.® In future, it’s important to continue to

develop such ligands, for example moderating the alkyl chain to include branched groups like 2-ethyl
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hexyl or testing aromatic substituents (and moderating electro donor/acceptor properties using well-
known rules). It is still an open question, the extent to which stable chelating ligands may saturate
surface sites important to catalysis, thus the investigation of monodentate anionic ligands, such as
alcohol or thiol groups, should be prioritised for comparative studies. It is noted that alkoxide surface
capping ligands would likely be susceptible to hydrolysis and thus may be better suited to syntheses

conducted under anaerobic conditions (i.e. Cu NP).

This thesis has established the potential for Cu nanoparticles coordinated by either carboxylates
or dithiocarboxylates. In future, it would be interesting to investigate the use of thiocarboxylic acid
ligands which feature both O and S donors. It might be expected that such ligands are compatible with
Cuz0 and Cu nanoparticle surfaces. It would also be of interest to investigate other chelating, anionic
donor ligands, such as carbamates, dithiocarbamates, amides and thioamides, to understand the

influences of the coordinating heteroatoms and ligand electronics over nanoparticle surface properties.

As a next step, ligands or chemical functionalities that coordinate and pre-activate CO, could be
installed to accelerate catalysis by increasing the local concentration of activated substrates at the
nanoparticles surface. Commercially available N-propyl gycine is suggested as a starting point for testing
this concept using Cu;O nanoparticles. The internal amine may activate CO;, as a carbamate group —

other possible ligands featuring secondary amines could also be envisaged/bought.
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5.2.2  Cu,0 NANOPARTICLES AS CROSS LINKERS BETWEEN SWCNTS

Q>

—_—

SCNT powder Nanoturbides crosslinked, Cu,0-SWCNT
Nanocomposite

Scheme 5.2. Simplified synthesis approach to use Cu,0 nanoparticles as a cross-linker between SWCNT.

Chapter 2 reported that a Cu,0-SWCNT nanocomposite was obtained by mixing of the cuprous
oxide colloidal nanoparticles and the nanotubes. Since these composites feature a highly conductive
nano-carbon and well dispersed Cu,O catalysts, a priority should be to undertake electrochemical
testing of the substrates. It will be of interest, also, to perform photoelectrochemical testing of these
materials. Another future option, could be to investigate the chemical bonding between the Cu,O
nanoparticle and the nanotube. Such a strategy may inhibit any problems which could occur due to
interfacial electron transfer and charge recombination. It might be possible to design a synthesis of Cu,O
nanoparticles coordinated by iodobenzoate ligands. This could be achieved using 4-iodobenzoic acid as
the ligand and an organometallic synthesis route. Such iodio—functionalised nanoparticles could be
covalently attached to the SWCNT using modifications to a recently reported protocol where p-

diiodobenyene acts as the cross-linker for related SWCNT systems (Scheme 5.2).1%

5.2.3  FUTURE DIRECTIONS ON USING LZH AS A CATALYST FOR THE ROCOP oF PO AND CO:

Having demonstrated that LZH can be used as a catalyst for the ring opening copolymerisation
of propylene oxide and CO., a future challenge would be to investigate catalyst stability and speciation
after reaction and recycling. Powder X-ray and FT-IR analysis on the post-catalyst samples suggested the
formation of carbonate intercalated LZH. It is possible that this species could still serve as polymerisation

initiators or could be re-activated by exposure to more carboxylic acid ligands. Such a process would be
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akin to the typical ‘conditioning’ treatments used to activate double metal cyanide polymerisation

catalysts.

Double metal cyanide complexes based on Zn(Il) and Co(lll) are reported to be highly active
heterogenous catalysts in the ring opening polymerisation of epoxides and CO,."! Inspired by this, the
synthesis of a zinc and cobalt containing layered double hydroxide material could be a useful catalyst
target. Since aggregated LDH catalysts offer little advantage over existing high performance catalysts,
the goal would be to make exfoliated LZH structures, doped with Co(lll/ll) ions. The successful
organometallic route, yielding exfoliated LZH nanomaterials, should be investigated using Co(ll)
precursors (e.g. Co(OAc),) as a means to ‘dope’ cobalt into the structure. It may also be possible to
introduce the exfoliating carboxylate ligand into the structure using the cobalt precursor compound

(e.g. Co(hexanoate), or Co(2-[2-(2-methoxyethoxy)ethoxy]acetate),.
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6 EXPERIMENTAL SECTION

General procedure: All reactions were carried out using standard Schlenk techniques and/or
using a glovebox operating under a nitrogen atmosphere. Unless otherwise noted, all starting materials
were purchased from commercial sources and used without further purification. ZnEt; (252 wt% Zn
basis), AlEts (93 %), bis(pentafluorophenyl)zinc (97 %), hexanoic acid (= 99%) and copper(l) acetate
(97%) were purchased from Sigma Aldrich, 2-(2-methoxyethoxy)acetic acid (98 %) were purchased from
Fluorochem, sodium hydroxide pellets were purchased from Fisher Scientific, and zinc sulfate
heptahydrate (99%) was purchased from ACS reagent. 2-[2-(2-Methoxyethoxy)ethoxy]acetic acid
(technical grade) was purchased from Sigma Aldrich and distilled prior to use. Bromomesitylene (99%)
was purchased from Alfa Aesar, distilled under vacuum and degassed by bubbling N2 through the
solution prior to use. Mg turnings (99 %) were purchased from Lancaster and stirred overnight under
nitrogen prior to use. Propylene oxide (>99%) was purchased from Alfa Aesar, dried overnight over
calcium hydride at room temperature and distilled prior to use. Mesitylene (98 %) was purchased from
Sigma Aldrich, dried overnight over calcium hydride at room temperature and distilled prior to use.
Carbon dioxide (BOC, 99.9 %) was dried through a drierite column and two additional drying columns
(Micro Torr, Model number: MC1-804FV) in series before use in copolymerisation studies. Solvents such
as toluene, THF and Et,0 were obtained from a Solvent Purification System (SPS), degassed and stored
over molecular sieves (3 A) under a nitrogen atmosphere. Acetone was dried over molecular sieves (3 A)
and distilled prior to use. Chlorobenzene was degassed prior to use. Deuterated solvents (CDCl; and
CsDe) were dried over calcium hydride by stirring overnight at room temperature and distilled prior to
use. Zn(L3%2), LZH-140%,12 LZH-L5%%,1® Zn(L5°%),!* and MesLi-(Et,0)0.1, were synthesised according to

literature procedures. HL;>? was synthesised by Dr Bradley E. Cowie from 1-bromooctane, Mg and CS..

'H NMR spectra were recorded on a Bruker AVIlI 400 MHz spectrometer. 3C{H} NMR spectra
were recorded on a Bruker AVIIl HD 500 MHz spectrometer. Chemical shifts are expressed in parts per

million (ppm) and referenced relative to residual protio-solvent signals (*H NMR: CDCl; = 7.27;
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CsDs = 7.16, 3C NMR: CDCl3 = 77.0; C¢D¢ = 128.0. NMR spectra were processed and analysed using

MestReNova.

Powder X-ray diffraction (XRD) analyses was performed on dried samples on a PANalytical Xpert
PRO diffractometer (Cu Ka radiation at 40 mA and 40 kV) with a step size of 0.033° 26, scan step time
of 70 s and scan range of 5-90° 20. For the analysis of air sensitive materials an air-tight sample holder
was used. Baseline corrections and other manipulations were made using Fityk software. Scherrer
equation (T =«kMA/(B:cos(B0)) with k=0.89, B: as the FWHM of the target reflection and the X-ray
wavelength A with 1.54 A for CuKa was used to calculate the crystallite sizes. Bragg equation
(nA = 2d-cos(8)) with n = 1, A = 1.54 A for Cu Ka, 6 = scattering angle and d = interlayer distance was

used to estimate interlayer distance.

UV-Vis absorption spectra were recorded on an Agilent Technologies Cary 60 UV-Vis

spectrophotometer using a Young's tap quartz cuvette.

Scanning electron microscopy (SEM) images and energy disperse X-ray (EDX) analysis were
obtained on a JEOL JSM 6010 LA at Imperial College London by mounting the sample onto stubs using

carbon tape and sputtered with gold.

Thermogravimetric analyses (TGA) were carried out using Mettler Toledo TGA/DSC 1 STAR or TA

TGA5500 with a heating rate of 10 °C/min in air, flowing at 100 mL/min.

FT-IR measurements were obtained for dried samples on either a Perkin-Elmer 100
Spectrometer (Chapter 1) or a Shimadzu IRSpirit spectrometer (installed inside the glove box) using a

single reflection ATR accessory.

For differential scanning calorimetry, a TA DSC25 was used under a N; flow (100 mL/min).
Samples were heated, at a rate of 20 °C/min, from —80 to 200 °C. Glass transition temperatures (7Tg)

were determined from the midpoint of the transition of the second heating curve.
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X-ray photoelectron spectroscopy (XPS) was performed on a Thermo Scientific K-Alpha X-ray
photoelectron spectrometer system operating at 1x10® mbar base pressure. This system incorporates
a monochromated, microfocused Al Ka X-ray source (hv = 1486.6 eV) and a 180° double focusing
hemispherical analyser with a 2D detector. An X-ray spot size of 400 um was used and the X-ray source
was operated at 6 mA emission current and 12 kV anode bias. A flood gun was used to minimise sample
charging. Samples were mounted using conductive carbon tape and transferred to the spectrometer
using a special glove box module which ensured that samples were never exposed to air. Data were
collected at 200 eV pass energy for survey, 20 eV pass energy for core level and 15 eV pass energy for
valence spectra. All data were analysed using the Avantage software package and performed by Dr Anna

Regoutz (University College London).

Gel permeation chromatography analysis was conducted using an Agilent Infinity Il MDS
instrument, with two PLgel mixed C columns (300 x 7.5 mm) and a PLgel 5 um guard column. The eluent
was THF and 0.01 % BHT (butylated hydroxytoluene) additive. Samples were run at 1 mL/min at 30 °C.
Poly(methyl methacrylate) was used for calibration. Samples were analysed by Dr Daniel Lester at

Warwick Scientific Services.

Elemental analysis was performed by either Dr Nigel Howard at the Microanalysis in Cambridge

or Stephen Boyer at the London Metropolitan University.
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6.1 CHAPTER 2

In order to synthesise colloidal Cu@L,** (n =1, 2; X =S, O) it was important to remove any O or
moisture from the H, Schlenk line prior to use. Heating both manifolds of the H, Schlenk line with a heat
gun whilst under dynamic vacuum, followed by applying dynamic vacuum overnight, and bubbling
hydrogen gas through for 30 minutes prior to use, was effective for removing potential moisture from

the line.

Synthesis of Cu@Ls*? (X=0 or S). A solution of the appropriate acid HL/? (28.5 mg of HL;°% or
17.1 mg of HL;*%, 0.18 mmol) in toluene (40 mL) was added to a solution of CuMes (329 mg, 1.8 mmol)
in toluene (10 mL) into a Young’s tap ampoule. The solution was degassed by three freeze-pump-thaw
cycles and then frozen at =196 °C. H, (1 bar) was introduced while the solution was frozen and fully
submerged in liquid N,, which gives rise to a pressure of 3 bar. The sealed reaction vessel was allowed
to warm to room temperature before being heated for 2.5 hina 110 °C pre-heated oil bath. The solution
was then allowed to cool to room temperature and the excess H, was removed by quickly exposing the
system to vacuum (x3), ensuring not to remove any solvent. The colloidal solution of Cu@L;** was dried
under reduced pressure. The remaining residue was dissolved in a minimal volume of toluene, and the
desired Cu@L;* nanoparticles were precipitated from solution through the addition of excess acetone.
The resulting suspension was centrifuged at 3000 rpm for 30 minutes. The supernatant was decanted
off and the nanoparticles were re-dissolved in toluene and evaporated to dryness under reduced
pressure. Powder X-ray diffraction shows expected peaks for metallic copper (26 (°) = 44, 51 and 74;
JCPDS 01-085-1326) with an estimated particle size of 3.2 nm for Cu@L;°2, and 3.0 nm for Cu@L;*> nm
(Scherrer equation). FT-IR [cm™] Cu@L;°? 2924 (v CH), 1421,1410 (VasymCO7) and 1306 (vVsym CO7),
Cu@L;* 2920 (v CH), 1044,1011 (Vasym.CS27) and 847 (vsym CSy). UV-Vis [nm] Cu@L;°* SPR at 567, L;** SPR

at 586.

Synthesis of Cu@L;%?: A solution of HL,°% (32.1 mg, 0.18 mmol) in toluene (40 mL) was added to a

solution of CuMes (329 mg, 1.8 mmol) in toluene (10 mL) into a Young’s tap ampoule. The solution was
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degassed by three freeze-pump-thaw cycles and then frozen at —196 °C and left under high vacuum. H,
(1 bar) was introduced while the solution was frozen and fully submerged in liquid N3, which gives rise
to a pressure of 3 bar. The sealed reaction mixture was allowed to warm to room temperature before
being heated for 2.5 h in a 110 °C pre-heated oil bath. The solution was then allowed to cool to room
temperature, and excess H, was removed by quickly exposing the system to vacuum (x3), ensuring not
to remove any solvent. The colloidal solution of Cu@L,°? was dried under reduced pressure and used as
such. Note: The polar ligand chain does not allow reprecipitation from a toluene solution with excess
acetone. Powder X-ray diffraction shows expected peaks for metallic copper (26 (°) = 44, 51 and 74;
JCPDS 01-085-1326) with an estimated particle size of 3.1 nm for Cu@L;%?. FT-IR [cm™] 2877 (v CH),

1425 (Vasym.CSy’) and 1408 (vsym.CSy’). UV-Vis [nm] SPR at 567.

Synthesis of Cu,0@L;% in Air. A freshly prepared 36 mM solution of crude Cu@L;%?, prepared as
described above, was exposed to air and stirred at room temperature overnight. The original deep red
colloidal solution turns green and remains colloidal. The colloidal solution of Cu,0@L;°? was dried under
reduced pressure and the remaining residue was isolated by re-dissolving in toluene and precipitating
the desired Cu,0@L;°% with excess acetone. The resulting suspension was centrifuged at 3000 rpm for
30 minutes, yielding the desired nanoparticles as a dark black coloured solid. The supernatant was
decanted off and the remaining nanoparticles were re-dissolved in toluene and dried under reduced
pressure. Powder X-ray diffraction shows expected peaks for cuprous oxide (26 (°) = 30, 37, 42, 53, 61,
74, 78; JCPDS 05-0667) with an estimated particle size of 2.4 nm for Cu,0@L;°? (Scherrer equation).

FT-IR [cm™] 3390 (v H20 or OH, br), 2922 (v CH), 1541, 1429 (VasymCO>) and 1313 (vsym COy).

Synthesis of Cu,0@L1°? with O. The nitrogen headspace of a freshly prepared 36 mM solution of
Cu@L;%? was exchanged for O, at room temperature by flushing the headspace for 10 minutes with O.
The reaction mixture stirred overnight at room temperature. The original deep red colloidal solution
turned dark green/turquoise within seconds and remained colloidal. Powder X-ray diffraction shows

expected peaks for cuprous oxide (28 (°) = 30, 37, 42, 53, 61, 74, 78; JCPDS 05-0667) with an estimated

150



Experimental Section

particle size of 2.4 nm for Cu,0@L;°? (Scherrer equation). FT-IR [cm™] 3390 (v H,O or OH, br), 2922 (v

CH), 1541, 1429 (Vasym.CO2) and 1313 (veym.COy).

Synthesis of Cu;0@L;%? in Air. A freshly prepared 36 mM solution of crude Cu@L,%?, prepared as
described above, was exposed to air and stirred at room temperature overnight. The original deep red
colloidal solution turns green and remains colloidal. The colloidal solution of Cu,0@L,°? was dried under
reduced pressure and used as such as the polar nature of the ligand chain did not allow precipitation
from toluene with acetone. The desired nanoparticles were obtained as a dark black coloured solid.
Powder X-ray diffraction shows expected peaks for cuprous oxide (26 (°) = 30, 37, 42, 53, 61, 74, 78;
JCPDS 05-0667) with an estimated particle size of 3.2 nm for Cu,0@L,°? (Scherrer equation). FT-IR

[cm™] 3462 (v H,0 or OH, br), 2919 (v CH) and 1589 (VasymCO2) and 1409 (Veym.CO7).

Synthesis of Cu,0@L;%? with O,. The nitrogen headspace of freshly prepared 36 mM solution of
Cu@L,®? was exchanged for O; at room temperature by flushing the headspace for 10 minutes with O,.
The reaction mixture stirred overnight at room temperature. The original deep red colloidal solution
turned dark green/turquoise within seconds and remained colloidal. Powder X-ray diffraction showed
the expected peaks for cuprous oxide (26 (°) = 30, 37, 42, 53, 61, 74, 78; JCPDS 05-0667) with an
estimated particle size of 3.8 nm (Scherrer equation). FT-IR [cm™] 3462 (v H,0 or OH, br), 2872 (v CH)

and 1589 (VasymCOy7) and 1409 (vsym CO7).

Attempted Synthesis of Cu,0@L;* in Air. A freshly prepared 36 mM solution of crude Cu@L;%,
prepared as described above, was exposed to air and stirred at room temperature overnight. The
original deep red colloidal solution turned black and a precipitate formed. No colloidal solution was

obtained.

Cu@(L1%)o1 + 0.1 equiv. HL;**: HL;* (7.2 mg, 0.038 mmol) was added to Cu@(L;°?)o1 (30 mg,
0.38 mmol) in toluene (10 mL) at room temperature. The mixture was stirred for 1 h inside the glove
box at room temperature before dried under reduced pressure and analysed by UV-Vis and FT-IR

spectroscopy.
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Cu@(L1*?)o1 + 0.1 equiv. HL;°%: HL;°% (5.7 mg, 0.036 mmol) was added to Cu@(L;>?)o1 (30 mg, 0.36
mmol) in toluene (10 mL) at room temperature. The mixture was stirred for 1 h under inert atmosphere
at room temperature before dried under reduced pressure and analysed by UV-Vis and FT-IR

spectroscopy.

Cu@(L1*?)o1 + 0.5 equiv. HL:%: HL;°% (28.5 mg, 0.180 mmol) was added to Cu@(L;*3)o1 (30 mg,
0.36 mmol) in toluene (10 mL) at room temperature. The mixture was stirred for 1 hour under inert
atmosphere at room temperature before dried under reduced pressure and analysed by UV-Vis and

FT-IR spectroscopy.

Cu0@(L1%%)0.1 +0.1 equiv. HL;*?: HL;*? (3.6 mg, 0.019 mmol) was added to Cu,0@(L;°%)o.1 (30 mg,
0.19 mmol) in toluene (10 mL) at room temperature. The mixture was stirred for 1 hour under an inert
atmosphere at room temperature before being dried under reduced pressure and analysed by UV-Vis

and FT-IR spectroscopy.

Solubility test: Freshly prepared, crude, colloidal solutions of Cu,0@L,°% (n = 1 or 2) were dried
under reduced pressure, yielding nanoparticles as dark black solids. The corresponding nanoparticles
(20-250 mg) were re-dissolved in 1 mL of either toluene, tetrahydrofuran, acetone or methanol followed
by gently stirring. The resulting saturated supernatants were decanted off from undissolved residuals
after standing for 2 h. The solubility limit [mg/ml™*] was determined by removing 0.5 mL of the saturated
colloidal nanoparticle solution and evaporating to dryness under reduced pressure in a pre-weighed

vial.

Deposition of Crosslinked SWCNT film and Cu-0 infusion: (carried out by David M Stringer at
Imperial College of London). p-Diiodobenzene (1 mg, 0.003 mmol) was dissolved in minimal amount of
DMAc and added to carbon nanotubide (1.8 mgswents MLomac-1) (200 pL), giving equimolar quantities of
crosslinker to Na. 100 pL of this gelling nanotubide was then promptly drop cast (using a 200 L
micropipette), onto pre-silanised glass substrates (26 x 26 mm). The substrate was stored within a DMAc

saturated atmosphere (formed by covering the wall of a glass jar with a sheet of filter paper soaked in
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DMAC), for 18 h. Cu,0@L,°? nanoparticles, suspended in toluene (100 ulL, 36 mM), were then drop cast
onto the surface of the SWCNT film and left to infuse for a further 24 h. The film was removed from the
glovebox in a sealed vacuum flask and residual charge quenched by injection of dry oxygen gas (20%
balance nitrogen) through a suba seal. The film was then subjected to a series of solvent exchanges

through submersion (MeOH, IPA/water (50/50), acetone), before supercritical drying with liquid COa.

Sample preparation for photocatalytic testing or Cu,0 nanoparticles: Cu,0@L,°% nanoparticles,
suspended in toluene (36 mM), were drop cast onto a pre-weighed glass slide (1.5 x 1 cm) and dried in
air. The process was repeated until 2 mg of dried sample was deposited on the glass slide. The annealed

sample was prepared the same way followed by thermal ligand removal at 150 °C for 30 minutes in air.

Synthesis of 5wt% Cu0@(L:%?)-p(*Bu)TA-Ph nanocomposite and sample preparation for
photocatalytic testing : (carried out by Floriana Moruzzi, University of Oxford). 3 mg of p(‘Bu)TA-Ph were
dissolved in a minimum amount of chloroform together with 10 ul of a colloidal solution of Cu,0@L,%?

in chlorobenzene (36 mM), drop casted onto a glass slide (1.5 x 1 cm) and dried in air.

Photocatalytic testing: (carried out by Floriana Moruzzi, University of Oxford). The photocatalytic
testing was carried out using a home-built photocatalytic gas phase set-up with a reactor volume of 25
mL and a 5 cm? quartz window for illumination with a 300 W Xe lamp equipped with 1.5 AM filter.
Samples were inserted in the reactor and left under vacuum for 1 hour, followed by a purge with
hydrogen gas at a flow rate of 10 sscm for 1 hour. Then a 3:1 H;, to CO, gas mixture was flowed through
for 30 minutes before the reactor was shut to build up a pressure of 1.5 bar. The measurements were
taken in batch at an overpressure of 1.5 bar and released gasses injected into the GC (Agilent 8860

equipped with a jetanizer on the FID and TCD detector).
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6.2 CHAPTER 3

Attempts to synthesise ZnAl LDH with a Zn:Al ratio of 3:1: A 0.5 M solution of ZnEt; in toluene and
a 0.5M solution of AlEts in toluene was added dropwise to a 0.5M solution of 2-(2-
methoxyethoxy)acetic acid (HLs%?) in toluene (see Table 6.1 for the quantities added). The reaction
mixture was stirred for 16 h, at room temperature, under an N, atmosphere. Under a flow of N,, HPLC-
grade degassed water (35 pL, 1.94 mmol) was slowly added and the formation of a white solid was
observed immediately. The reaction mixture was stirred for another 3 h, and the solvent was removed,

under reduced pressure, to afford a white powder.

Table 6.1. Amounts of HL4®2, ZnEt,, AlEts, toluene and degassed water used to attempt the synthesis of ZnAl LDHs.

Carboxylate HL,%? ZnEt; AlEt; (0.5 M C7Hsg) C/Hs H,O
loading (0.5MinCsHsg) (0.5 M in CsHsg) [mmol]/[mL] [mL] [mmol]/[pL]
[HL®%)/[Zn][Al] [mmol]/[mL] [mmol]/[mL]
0.25 0.46/0.92 1.38/2.76 0.46/0.92 6.56 1.94/35
0.3 0.55/1.10 1.38/2.76 0.46/0.92 6.38 1.94/35
0.35 0.65/1.29 1.38/2.76 0.46/0.92 6.19 1.94/35
0.4 0.74/1.47 1.38/2.76 0.46/0.92 6.00 1.94/35
0.6 1.10/2.21 1.38/2.76 0.46/0.92 5.27 1.94/35

Synthesis of CuMes: This methodology was modified from a literature procedure.’®
Bromomesitylene (7.5 mL, 49 mmol) was added dropwise to a suspension of Mg turnings (1.5 g,
60.5 mmol) in THF (30 mL) at O °C. After 1 h, the water/ice bath was removed and the mixture was
stirred for an additional 4 h, forming a brown solution with some black Mg powder remaining unreacted.
CuCl (5.5 g, 55.6 mmol) was suspended in THF (30 mL) and the MesMgBr solution was added dropwise
over the course of 10 minutes via cannula at =35 °C. The reaction was allowed to warm to room
temperature and stirred overnight. 1,4-Dioxane (20 mL) was added and the mixture stirred for 30 min,
affording a yellow solution with a grey precipitate. The mixture was allowed to settle for 30 min before
being filtered via cannula and washed through with additional THF (20 mL). The yellow solution was
evaporated to dryness under reduced pressure, affording a yellow powder. This was dissolved in a
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minimum volume of hot (80 °C) toluene (approx. 20 mL), and the solution was filtered via filter cannula
while hot into a Schlenk flask and allowed to crystallise in the freezer (=35 °C). CuMes crystallised as
yellow/orange crystals over several days, which were isolated vig filter cannula, washed with cold
toluene (3 x 3 mL) and dried under reduced pressure. The supernatant and washings were collected,
concentrated and placed in the freezer for several weeks, affording a second batch of yellow/orange
crystals that were worked-up identically to the first. Total yield across two batches was 5.90 g (32.3
mmol, 59.4%) which was stored in the freezer in the glovebox. In solution, CuMes exists as a mixture of
dimeric and pentameric species. *H NMR (CsDs, 400 MHz): & 1.90 (s, 3H, parg-CHzPemamen 2 .02 (s, 3H,
para-CHs4™me") 2 .93 (s, 6H, ortho-CHsPe"®™e") 2. 93 (s, 6H, ortho-CHs%™®"), 6.59 (s, 2H, CHPe"™mer) 6,67 (s,

2H, CHmer),

Synthesis of Cu(L3%?),: Oleic acid HL3%? (1.58 mL, 5.0 mmol), Cu(Ac),-H,0 (0.45 mL, 2.5 mmol)
and toluene (100 mL) were heated to 150 °C. Upon boiling, a mixture of water, acetic acid, and toluene
was azeotropically distilled for 5h. The remaining toluene was removed under reduced pressure,
yielding a viscous green/blue residue. The residue was dissolved in ethanol and water was added causing
an oily precipitation after letting it sit at room temperature overnight. The top solution was decanted
off and the residue was re-dissolved in toluene. The organic phase was dried over MgSQ,, filtered and
concentrated. Cu(L3%?), was isolated as a sticky blue solid in 53 % yield. Melting point: 164 °C. Elemental

analysis: CssHesO04Cu C, 69.02; H, 10.62; found C, 68.81; H, 10.30.

Attempts to synthesise Zn(Ls%?),: Attempt 1 — NaOH (0.35 g, 8.8 mmol) was added to a solution
of 2-(2-methoxyethoxy)acetic acid HL,°? (1mL, 8.8 mmol) in 70 mL of ethanol. The reaction mixture was
stirred at 50 °C for 1 h. ZnCl; (0.6 g, 4.4 mmol) in water (111 mL) was added slowly and the reaction
mixture stirred for 1 h at 50 °C before it was dried under reduced pressure, yielding a sticky solid. All

efforts to isolate the desired Zn(L+°?), proved to be unsuccessful.

Attempt 2 — Zn(OH), was freshly prepared by slowly adding a 1 M solution of NaOH (52 mL) to

ZnS04-7H,0 (7.5 g, 26.1 mmol) in Milli-Q water (100 mL). The reaction mixture was stirred for 1 h at
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room temperature, affording an off-white coloured precipitate, which was filtered and washed with
water and isopropanol. The white powder was then dried in air overnight. Next, HL,®? (5.2 mL,
45.3 mmol) was added to a suspension of Zn(OH), (1.5 g, 15.1 mmol) in n-octane (50 mL). The reaction
mixture was heated for 2 h at 130 °C, yielding a brownish oil. However, the desired Zn(Ls°2); could not

be isolated.

Synthesis of ZnMes;: A solution of mesityllithium (0.45 g, 3.3 mmol, 2 eq.) in THF (5 mL) was
added dropwise to a solution of ZnBr2(0.37 g, 1.6 mmol, 1 eq.) in THF (15 mL) at room temperature,
and the reaction was stirred overnight. The translucent mixture was dried and extracted with toluene.
The solution was filtered via syringe filter and concentrated under reduced pressure. The desired
compound was crystallised at —25 °C overnight, affording colourless needles. The supernatant was
decanted off and the needles were washed with cold toluene. Crystals suitable for single crystal X-ray
diffraction were grown from a concentrated toluene solution of Zn(Mes); in toluene at —25 °C. *H NMR
(400 MHz, CeDg): & [ppm] 6.83 (s, 2H; Ar-H), 2.39 (s, 6H; 0-CHs), 2.24 (s, 3H; p-CHs). C{*H} NMR (100

MHz, CeDg): & [ppm] 148.61, 145,29, 138.21, 126.65, 26.95, 21.46.

Synthesis of LZH-Ls%? from Zn(Mes),: 2-(2-Methoxyethoxy)acetic acid (68 pL, 0.6 mmol) was
added dropwise to a suspension of Zn(Mes), (0.3 g, 1 mmol) in 10.6 mL of toluene, yielding a clear
solution. The reaction mixture was stirred at room temperature overnight. Under a flow of N,
HPLC-grade degassed water (28.8 uL, 1.6 mmol) was slowly added and the reaction mixture was stirred
for 3 h, which yielded a milky, translucent solution. The solvent was removed under reduced pressure
and a pale-coloured powder was obtained. The powder X-ray diffraction pattern was in agreement with

data reported in the literature for LZH-1,°%.1

Synthesis of LZH-L5°? from Zn(CeFs)z: Zn(L5°%), (880 mg, 0.14 mmol) was added to Zn(CeFs),
(130 mg, 0.33 mmol) in toluene (3.1 mL). The reaction mixture was stirred at room temperature
overnight, vyielding a milky, translucent solution. Under a flow of N,, HPLC-grade degassed water

(13.4 pL, 0.8 mmol) was slowly added and the reaction mixture stirred at room temperature overnight.
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After drying the reaction mixture under reduced pressure, a white solid was isolated. The powder X-ray

diffraction pattern was in agreement with data reported in the literature for LZH-L;

02 (3]

Attempts to synthesise Cu'xLZH: The Zn and Cu precursors were dissolved in toluene (Table 6.2),

and the reaction mixture was stirred overnight at room temperature. Under a flow of N, HPLC-grade

degassed water was added slowly and the reaction mixture stirred for an additional 12 hours at room

temperature. The resulting translucent yellow/orange solution was dried under reduced pressure,

yielding a sticky yellow/orange solid.

Table 6.2. Amounts of Zn precursor, Cu precursor, toluene and HPLC-grade degassed water used to attempt the synthesis of
Cu™moilZH-L302 (m =1 or II).”*” 1 M CuMes in toluene.

Zn-Precursor Cu-Precursor Toluene HPLC-

grade H,0O
ZnR, Zn(Ls%%), CuR; Cu(Ls®),

Cu'smolsLZH-L3%2; 274.7 mg, 261.4 mg, 8.7 mg, - 14 mL 39.4 ul,
n=3 0.9 mmol 0.42 mmol | 0.05 mmol 1.6 mmol

Cu'7smoieLZH-L5%%; 245.8 mg, 239.0 mg, 71.4 ul” - 13 mL 37.1 ulL,
n=3 0.81 mmol 0.41 mmol | 0.07 mmol 1.6 mmol

Cu"1omoi%LZH-L5%% 239.0 mg 239.0 mg, 91.5 uL” - 13 mL 37.1 4L,
n=3 0.79 mmol | 0.41 mmol | 0.09 mmol 1.6 mmol

CuiomoslZH-15°%  314.3 mg, 239.0 mg, 91.5 pl” - 13 mL 37.1 4L,
n=4 0.79 mmol 0.41 mmol | 0.09 mmol 1.6 mmol

Cu"sporsLZH-L3%% 275 mg, 231 mg, - 29.8 mg, 20 mL 39.4 L,
n=3 0.9 mmol 0.37 mmol 0.9 mmol 2.2 mmol

Cu"omoiL.ZH-L3%2; 72 mg, 59 mg, - 6.5 mg, 7 mL 9.7 uL,
n=3 0.24 mmol 0.1 mmol 0.01 mmol 0.54 mmol

Cu"ismomeLZH-L5%%; 72 mg, 56 mg, - 9.8 mg, 9 mL 9.7 uL,
n=3 0.24 mmol | 0.09 mmol 0.016 mmol 0.54 mmol

Cu"omoreLZH-L5%%; 72 mg, 52.3mg, - 13 mg, 9 mL 9.7 uL,
n=3 0.24 mmol | 0.08 mmol 0.02 mmol 0.54 mmol
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6.3 CHAPTER 4

CO,/Epoxide Co-polymerisations: The individual reaction mixtures comprising of catalyst,
propylene oxide and mesitylene (if used as an internal standard) were stirred for 30 minutes in the
glovebox before being transferred to either a Parr 5500 HP Compact Reactor (25 mL or 100 mL) for
reactions requiring 10-40 bar of CO, pressure, or an ampule equipped with a Young’s tap for reaction
requiring 1 bar of CO, pressure. The nitrogen headspace of the reactors/ampoule was exchanged with
CO,, partially pressurised to half of the aimed CO, pressure [bar], heated to the desired temperature
and finally brought to full pressure. The polymerisations were conducted under a static CO; pressure
and were quenched after 78 h by placing the reaction vessel into an ice bath; the pressure was released
once cooled to room temperature. The crude reaction mixture was analysed by *H NMR spectroscopy,
and the polymers isolated by precipitation of a CH,Cl, solution into cold pentane. GPC, TGA and DSC
data was collected for purified samples. The polymeric film was obtained by dissolving the isolated
polymer in CHCls. The concentrated solution of polymer was then poured into a PTFE mould, which was

left at room temperature for 20 h to allow the solvent to evaporate slowly.

Synthesis of ZnO@Ls%?: ZnEt, (1.28 g, 10.35 mmol) was added dropwise to hexanoic acid (HLs%?,
120.24 mg, 1.04 mmol) in toluene (69 mL) and stirred for 2 h at room temperature. A solution of HPLC
grade degassed water in dry acetone was added slowly to the precursor solution. The reaction mixture
was stirred for a further 2 h before being centrifuged for 15 min at 3000 rpm. The supernatant was
decanted off, and the remaining residue was re-suspended in toluene and precipitated with acetone
three times. The isolated white solid was then dried for 3 h under reduced pressure. Powder X-ray
diffraction showed the expected peaks for zinc oxide (26 (°) = 32, 34, 37, 48, 57, 63, 67, 68, 69, 73, 77,
82, 90, 93, 96, 98, 104, 107, 110, 116; JCPDS 00-001-1136). FT-IR [cm™] 3387 (v H,O and OH), 2917 (v

C-H), 1544, 1399 (Vasym.CO2).
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Synthesis of LZH-L;°?: The synthesis was scaled up and modified from a literature procedure.??
ZnEt, (2.5g 20.2 mmol) was added dropwise to 2-[2-(2-Methoxyethoxy)ethoxy]acetate, (HL;%%,
2.16 mg, 12.15 mmol) in toluene (135 mL) and stirred over night at room temperature. The reaction
mixture was cooled in a water-ice bath prior to the addition of HPLC grade degassed water (583.52 uL,
32.4 mmol) under a flow of nitrogen. Once the addition was complete the cooling bath was removed
and the reaction mixture was allowed to warm to room temperature. After stirring overnight, the
solvent was removed under reduced pressure and LZH-L,°? was isolated as a sticky white solid. The
powder X-ray diffraction pattern was in agreement with data reported in literature for LZH-L,°2.?) FT-IR

[cm™] 3429 (v H,0 and OH), 2870 (v C-H), 1589 (Vasym.CO5), 1414 (Veym.CO5), 1103 (COC).
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Figure 6.1. Representative example of crude IH NMR spectrum of a typical PO-CO; ring opening copolymerisation formation
both poly(carbonate ether) and propylene carbonate. Mesitylene is used as an internal standard.
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